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Section i -

INTRODUCTION

There are many reasons for DoD interest in the development of accurate quanti tative

representations of various environmental parameters. This is because the near

earth space environment infl uences many military hardware systems. In many cases,

these influences can be designed around but in others they cannot. In such.cases ,

System performance can vary with the behavior of this environment.

In this report we review work performed at McDonnell Douglas Astronautics Company

during the past year. The purpose of this work was to develop a quantitative

model of the magnetospheri c magnetic field , and associated procedures for

accurately cataloging charged particle data out to and beyond geosynchronous

orbit. The main reason for the development’ of thi s model and p rocedure was to

provide a capability for mapping charged particle fl uxes produced by natura l and

manmade sources of ionization . In particular , it had been found that attempts

to accura tely map charged particle fluxes from points above the earth ’s surface

• to geosynchronous orbit were not very accurate . One of the main sources of error

was felt to be Inaccuracies in the magnetic field model . Thus , one of the tes ts
of the modelling exercises completed here will be comparisons made by DoD between

model calculations and observed particle fluxes .

It is intended that this model and procedure will be used also for other purposes.
t

The predecessor magnetic field model (Olson and Pfitzer, 1974) has been distributed

to several dozen groups throughout the world and has been used for a variety of

reasons that range froir very practica l (the l ocation of the foot of the field line

to various synchronous orbiting satellites) to other more basic studies that

hopefully will shed light on the basic structure of the magnetosphere and its 

- - • -~~~ --- 
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physical processes . It has been the intent of the IIDAC group to produce a set of

r quanti tative envi ronmental models that can be used together to accurately specify

and/or predict several environmental parameters . In this role the magnetic field

model described here will be used as an input in conjunction wi th other quanti tative

r. 
• 

models of neutral upper atmospheri c density and ionospheri c electron density.

This interaction between models will improve the density models since the corpus—

cular energy sources which influence both ionospheric and upper atmospheric

parameters at high lati tudes are constrained to move along magnetic field lines .

A magneti c field model capable of describing variations in charged particle

parameters assoc iated w ith “tilt angle ” changes and minor variations in magnetic

activity should be helpful in l ocating such gross environmental features as the

poleward edge of the mid latitude trough.

The reader of this annual report is cau tioned that the results presented here are

not to be considered the final descri ption of the magnetic field model and the new

B, L coordinate system. Rather, it is intended that the magnetic field model

together with its tests and suggested uses and the B, L coordinate system will

both be described in papers submitted to the Journal of Geophysical Research ~r

a similar journal . Also , documentation on the computer p rograms generated during

this contract will be described after further interaction with DoD personnel in

a separate manual.

~~~~
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Sec tion 2

• THE MAGNETIC FIELD MODEL

In our previous magnetic field model (Olson and Pfi tzer, 1974) all major

magnetospher i c current systems ac ting as sources to the total magnetos pheric

magnetic field were considered together for the first time . These current systems

include the magnetopause current system, formed by the interaction of the solar

Wind particles with the total magnetospheric magnetic field , the tail current

system produced by particles flowi ng across the tail of the earth ’ s magnetosphere

and returning on its boundary, and the quiet time ring current system produced

by the motion of charged particles moving wi thin the magnetosphere . The magneto-

pause current is formed by particles which interact wi th the earth ’s magnet ic

field and then return immediately to the rnagnetosheath . These particles interact

wi th the current system only for fractions of seconds as they are deflected by the

magnetospheric magnetic field. The particles flowing across the tail of the

magnetosphere which form the tail currents remain part of that current system for

as long as several days as they make their journey across the tail. The quiet time

ring current system, however , is formed by particles trapped along magneti c field

lines in the inner magnetosphere . These particles may contribute to the currents

for as long as weeks or even months . Al though the magnetopause currents flow only
on a surface (on the magnetopause itself) both the tail current system and the

ring current parti cles are distributed over a large region of space in the magneto-

‘ sphere . This had previously posed a severe limitation on magnetic field models

since typically scalar potentials were used to represent the magnetic field. A

scalar potential rep resen tation canno t be used in the regi on of the source currents

for the field. Thus, in the Olson and Pfl tzer model (1974) the equivalent of a

vector potential was used for the field representation . This allowed for the

_ _
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first time the accurate representation of the currents flowing in a distributed

fashion throughout much of the magnetosphere. That model , however, is limi ted

to the case of perpendicular incidence of the solar wind upon the earth dipole

axis. In order to extend the time of validity of the magneti c field model it is

required that it be valid for all angles of incidence of the solar wi nd on the

di pole axis (“til t angles”) and for all values of magnetic activity . In the

curren t modelling exercise the first of these constraints has been removed. The

model described below was developed such that it represents all major magneto—

spheric current systems and is valid for all tilt angles. 
‘ 

It is believed that

this model is capable of accurately representing the total rnagnetospheri c magnetic.

field about 30-40 percent of the time — when magneti c activity is low.

2.1 Model Assembly

2.1.1 The Procedure

As wi th the 1974 model , a quantitative representation of the various important

magnetospheri c current systems was first developed. The ring and tail currc ’ts

are initially represented in the form of wire loops. In Figures 1 and 2 projections

of the wi re loop onto the xz plane (in solar magnetospheric coordinates) are shown

for tilt angles of 0 and 35 degrees. It is seen that in the ii’iner magnetosphere

there is a nest of three sets of wire loops used to represent the ring current.

The tail currents flow almost linearly across the upper and lower boundaries

of the plasmasheet in the distant tail while close to the earth they curve around

such that they are in close proximity to the ring current loops. The return

path of the tail currents was constructed to flow approximately on the boundary of

the magnetopause with the shape similar to that used in the determination of the

magnetopause currents. A three-dimensional view of these current systems is shown
(

in Figure 3.

~ 
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The currents flowing on the magnetopause and the associated magnetic field were

determined using procedures similar to those developed by Olson (1969). This

Procedure permits the currents to be determined from a known magnetopause shape.

instead of using a self-consistent shape determined by the pressure balance

condit ion , a more realisti c shape based on observational data was used. The

magnetopause was therefore represented as being more flared in the dawn dusk

and tail regions and as having a flatter subsolar area. The magnetic fields

from these current systems were then obtained using the Biot-Savart Law . Various

primary tests were used once the magnetic fields were obtained to compare the

results with observations of the magnetospheric magnetic field. Differences

were determined and used to calculate changes in the locations and strengths of

the various magnetospheric current systems. It is noted that the initial

estimations of the placement of the wire loops was almost sufficient and little

adjustment was necessary.

2.1.2 Tests in Construction

The purpose of this model was to provide an accurate representation of the total

magnetospheri c magnetic field out to and beyond geosynchronous orbit. For this

reason we have determined the magnetic field only out to a geocentric distance of

15 earth radii . The model should not be used beyond that region as it was not

constructed wi th tests valid outside of that region.

4
One of the most important tests of any magnetospheric magnetic field model is

the comparison of model results wi th the observed magnetic field along the earth

sunline . In Figure 4 the quanti ty t~B is shown along the earth sunline . ~B is H
the difference between the total observed field and the geomagnetic dipole field.

It is that contribution to the total field produced by the magnetospheric
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currents. It is seen that the observed field is quite structured in the inner

magnetosphere. Older magnetospheric models containing only the magnetopause field

are seen to not be capable of describing this structure. Ihdeed it is the field

from the quiet time ring current that produces most of this structure. It is

seen that the new model does an excellent job of representing the observed ~B

variations along the earth—sun line.

• Note that the one discrepancy between these observations and our new model is in

the tail region with X5~ 
‘
~~ l~ earth radii (SM subscripts refer to solar magnetic

• coordinates). If contours of constant i~B are plotted in the noon midn ight

peridian plane (the solar magnetic or solar magnetospher ic xz plane) this apparent

di screpancy can be accoun ted for. The model results are shown for a tilt angle

• of 00 in Figure 5. These results can be compared wi th the observed t~B contours
reported by Sugiura and his colleagues (1971) and reproduced in Figure 6. It is

noted that there is excellent agreement in the placement of the t~B = 0 contours.

In order to explain the apparent discrepancy mentioned in Figure 4 it must be

pointed out that the t~B = 0 contour closes in the tail along the X axis at

approximately -14 earth radii. In Figure 7 the ~B = C con tour for the tilt angle

of 350 is seen to cross the X axis at approximately -9 earth radii. This suggests

that in data sets which contain data averaged over all tilt angles the tsB = 0

contour should lie somewhere near X = - 10 earth radii as is seen to be the case

in the observations reported by Sugiura , et al., 1971 shown in Figure 4.

Attempting to fit the t~B contours reported by Sugiura , et al., lea to an

abnorma lly large field in the near earth portion of the tail in the Olson-Pfitzer

- 
- 1974 model . This problem has been brought to light in the present analysis and

has ~~~ corrected in the present model , which for the 00 tilt case and all -~~~

- - -- - •
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others better represents the average magnetospheric field configuration . Evidence

of the abnormally large field in the model was pointed out by R. J. Wal ker i n— 
- 

his review of magnetospheric field models (1976). This is most readily observed

when the magnitude of the total magnetic field is plotted in the equatorial

plane . Contours of constant total magnetic fields are shown in Figure 8. They

are seen to vary smoothly in the tail region along the earth-sun line . Also ,

there is no buildup in field intensity near the subsolar region . These tes ts

suggest that the 00 tilt version of the present model is now very close to the -
• observed maqnetospheric magneti c field in all ways capable of being tested wi th -

existing observational data sets.

2.2 Model Features and Uses

Having passed the preliminary tests discussed above , the model was use d in two
• general ways to further test it and provi de information on various magnetospheric

magnetic field and particle population features.

2.2.1 Magneti c Field Representations

Field lines in the noon midnight meridian plane are shown in 2 degree intervals

in Figures 9 and 10 for 00 and ~~350 tilt. Since some of the field lines on the

4 nose of the magnetosphere penetrate beyond the magnetopause , there is some

j di fficulty in assigning a value for the last closed field line. If the

definition is the last line to return to the other hemisphere wi thin the magneto—

pause, then the last closed field line has a latitude value of about 78° while for

a ti l t ang le of _ 35 0 the latitude of the last closed fiel d line is lowered to

approximately 76°.

I- 
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Figure 10. Field lines in the noon midnight meridian plane for tilt = 35°. - 
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The extent of the field lines , into the tail of the magnetosphere is also more

pronounced than in all previous models. This is most clearly illustrated in

• Figure 11, taken from Walker ’s review paper (1976). Two curves have been added

to his figure ; that of the new model and the equatorial crossinq of a pure

dipole field . The figure gives the magnetic latitude as a function of the

equa torial intercept of the corresponding magnetic field line . Thus , for exa mp le ,

the equatorial crossing of the field line from the magnetic latitude of about 750

at midnight is approximately 15 RE for a dipole field while for our new model the

field line originating at the earth ’s surface at approximately 70° magnetic latitude

crosses at 15 earth radii in the tail. This feature, the extension of field

lines far into the tail even during quiet magnetic conditions , is well documented

observationally.

Another test of any magnetospheric magnetic field model is provided by several

of the barium cloud releases that have been made in the magnetosphere . In

Figure 12 one of those releases is shown and the magnetic field line illuminated

by the barium is compared wi th field lines calculated from several models with -

the field l ocation and initial direction given at one end of that portion of the

line suggested by the location of the barium cloud. It is seen that the calcu—

lations using our new model perform significantly better than the older models and

along the length of the optical track are well within the error bars for the

position of field line.

One of the long awaited uses of accurate magnetospheric magnetic field models

that include tilt angle effects is the variation in conjugate point locations

that must occur even during quiet magnetic conditions. If the location of one

foot of the magnetic field line is held constant over a 24—hour period the

- J question of the location of the opposite end of that field line arises. In
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Figure 13 the variation in the conjugatc. point location of a particular field

line is shown for winter and summer soistices and for spring equinox. It is

seen that at summer solstice and near spring equinox , the conjugate point

variation in the point is quite small. However, near winter solstice the variation

becomes significantly larger. This is because near winter solstice this particular

point is near the last closed field line location and considerable daily variations

occur as is expected. Typically it appears that the conjugate point variations

for field lines at auroral latitudes should be on the order of several tens of

kilometers over a daily period.. However , sometime s, for field lines moving near

the last closed field line location , the variations can be significantly larger.

Ihese are results predicted by the model. One additional check of this_and other

magnetospheric magnetic field models mjght be provided by the search for large

Conjugate variation durin g quiet magnetic conditions.

Another important use of accurate magnetospheric magnetic field models is the

• calculation of the intercept at the earth ’s surface of field lines extending

through geosynchronous orbit. Such conputations are necessary in order to

coordinate particle and field work done simultaneously wi th ground based and

synchronous satellite platform sensors . In Figure 14 the location of the foot

of the field line through synchronous orbit is shown for a dipole only field and

for three different tilt angle values as a function of local time . (Although

the actual field line geometry does not vary in this manner , such a representation

sheds light on the magnitude of the daily variations in field line intercepts

wi th the earth ’s surface possible for various synchronous satellite locations.)

First it Is noted that the foot of the field line can be as much as 2° lower

than that of a dipole only field. Early models that contained only the contribu-
- 

.

~ • 

tion from the magnetopause currents placed the foot of the magnetic field line

2~
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at a latitude higher than that of the dipole. The field. line intercept from some

actual synchronous orbit locations are shown in Figure 15. It is seen that the

• largest variation is near suniner solstice at both geosynchronous longitudes . It

5 
• 

is also noted that the daily variation can be as large as about 150 kilometers in

latitude and a similar extent in longitude.

;~

One final test of this ti l ted magnetospheric magnetic field is to compare model

calculations of the daily variations in the components of the magneti c field at

the location of the geosynchronous satellite A TS — l with the daily magnetic

variations observed at the location of the satellite . Such a comparison is shown

in Figure 16 for the months of January and June where the va lues of the field at

each hour were averaged for the 5 most quiet days during the month . It is seen

that the variations agree quite well in both form and magnitude . Previous models

do not come close to repeating the pattern of the observed variations .

2.2.2 The Ordering of Charged Particle Data

In addition to using the model directly to compute various magnetospheric magnetic

field features of interest , it can be used together with the proper formalisms to
r 

study and organize both low energy and energetic charged particle data. The main

purpose in the development of the magneti c field model was to use it together

• 

. 
wi th adiabati c invariant theory to provide a more accurate means for organizing

low energy charged particle data . This has resulted in the development of a new

è “coordinate” system, the B, L coordinate sys tem, i t  is described in detail in

Section 3. ThIs model and the previous Olson-Pfitzer (1974) model have both been

used very successfully to predict and interpret solar cosmic ray data . The 1974

model was the first magnetospheric magnetic field model capable of predicting 

• .



. 1

U-’cv’J

H

I—. 0 LLJ~~~

H 
~~~~~~~~~~~~~ 

-

~~~~~~~~~~~~~

- 

. 

-

~~~~~~~

- ~~~~~~ -!
I 1 —

~~~~~ ~~
“sc

~U’
-
~~

; I
‘

~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— S Q

- .~ LU ~OflhI1V1 3IHdV8 9039

-

I 

- 25



r ‘~T~~ 1~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

•

— •

I I .

w

H 
- U) - 

•

z
0

iii L...........L...A ~~~~~~~~~ ° ~~~~~~~~~~~~~~~~~~~~

ci:

I S I•— — — — S S

Iii  . 

-,

_  _  _



magnetic cutof f lati tudes for- the penetration of solar cosmi c rays close to those

observed . Prior to. the introduction of this mode l many theories had been proposed

to explain the discrepancy between the observations and older mode l predictions .

In the present model some of the remaining discrepancies have been resolved.

One of the major successes of the Olson-Pfitzer (1974) zero tilt model was the

lowering of the cosmic ray cutoffs by over 4 degrees which brought experimental

observations and theory into close agreement. The zero tilt model brought the

noon and midnight cosmic ray cutoffs into complete agreement. However, a problem

remained at dawn and dusk where the cutoffs perdicted by the model were 3°-4° too

hi gh. It was hypothesized that this discrepancy was the result of an excessively

large field near the dawn dusk flanks of the magnetosphere.

The present model brings the magnetic field values near the magnetosphere boundaries

- : into better agreement wi th observations , and is successful in lowering these

cutoffs. Table 1 summarizes the cutoff calculations. The table shows that the

observed and so calculated cosmic ray cutoffs are now -in substantial agreement at

all local times. Figure 17 shows a sample cosmic ray trajectory for a 5 MeV

proton. The proton enters the daylit dawn side of the magnetosphere and enters

the polar cap at a lati tude of 68°. A survey of cosmic ray access using this n.~del

has shown that all particles which enter the polar cap within 3°-4° of the cutoff

enter the magnetosphere through the daylit dawn side. The particles which enter

the center, or high lati tude polar cap, either penetrate directly through the

weak fiel d region of the dayside cusps or arri ve via the lobes of the tail field.

The data In Table 1 indi cate a very small tilt dependence for the cutoff lati tudes .

The tilt dependence is less than a degree at dawn and dusk , a degree or two at

• 27 
~~~~~~~~~~~~ - - -~~~~~~~~~~~~~~~~~ - - - - - - -- — ~~~~~~~~~~~~~~ - -_ -_ - - -~~~• ~~ - - - - —- • - - ••~~~~~~~ --~~~~~~

- • - —
~~~~-



S. ~~~~~~~~~~~r - 
~~~
—-—-- —

~- —~-.--~-—--Z~-- -~
5, 

- 
~~~~~~ _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— 
- —------— --- -

~
--_ - - - -----•— -~~

midnight and possibly as much as 3° at noon . These predicted effects are much

j 

smaller than the observed storm time variation of the cutoffs. Thus , to study

j  the tilt dependence in the experimental data , the storm time dependence must

first be removed. Masley (1975) has gathered a large set (over 500 observations)

of cutoff values using data from the 060-6 satellite . Here, orthonormal least

H squares fitting techniques were used to fit a parabolic surface in tilt and

through the data set. The function which gave the smallest tins errors is

CUTOFF = a1 + a2;i + a3u + a4K~

- 

where 31 is the tilt angle

is the magnetic index and the

are the least squares determined coefficients

Figures 18 and 19 show the comparison between theory and observation at = 1.

The small dots indicate the best fit line when K = 1 , the large dots are thep
data for 0 < K~ < 2 and the open circles are the tIlt dependent cutoff calculations.

There is good agreement between theory and experiment. The scatter of points for

the noon data set is much larger indicating that the K..1, dependence does not

adequately remove the dynami c variations . Future studies must use other parameters

such as Dst to remove this dependence.

2.3 The Associated Induced Electric Field, £~
Any time-varying magnetic field has associated with it an induced electri c field

as given by Maxwell’s equations. It is of considerable interest to determine

( whether or not the Induced electri c field associated with the time-varying magnetic 

-- --• -~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~~ - -~~~_
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— field model described above is of importance for the motions of low energy charged

particles in the magnetosphere . Although several sources of electric fields in

the magnetosphere have been p~~posed, this is the first one that can be associated

with an accurate quanti tative model. This particular induced electri c field is

also of interest because its periodicity is so large . Other induced electric

fields associated with magnetic storms and niagne tospheric substorms have been

discussed but their time constants typically range from several minutes to a

fraction of an hour.

It is therefore with great interest that we report our preliminary findings of

this induced electri c field. Its magnitude and the strength of its components

are shown over a 24-hour period at the location of the synchronous satellite

ATS-l at winter solstice in Figure 20. The magnitude of this electric field is

found to be a large fraction of a mill ivolt per meter. Fields of this size are

regularly assumed to be of importance to the plasma that fills the magnetosphere.

Contours of constant i nduced electric field in the equatorial plane are shown in

Figure 21 at winter solstice at universal time = 0. The field intens i ty peaks

somewhere in the mid magnetosphere and then falls off again toward the magneto—

pause.

The procedure for determining this induced electric field is now discussed .

The induced electric field is most readily determined from the magnetic vector

potential ~~where ~~~
= 0 x r and = - ~~~~ Actuall y r1 is determined from the

product E~ = - (~~
.) (h-) . The values of ~~were determined at the satre time

that the vector magnetic field was being constructed . Like T~, ~ is given

ana lytica l ly In terms of the tilt angle , i. The analytic formula for the time

derivative of the tilt angle is given in Appendix -B.

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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L~.
It must be pointed out that these results are preliminary and that the induced

electric field is by itself only an estimate of the real electric field

produced in the magne tosphere by the wobble of the earth ’s dipole axis with

respect to the solar wind . A secondary electric field l~ is produced by charge

separation along magnetic field lines due to the plasma irriiiersed in the magnetic

field. This plasma tends to cancel an electri c field along the direction of the

magnetic field lines. Thus , the approximate condition , r • f f =  0, applies where

r is total magnetosphere electric field produced by the wobbling dipole. t is

therefore represented as having two sources (1) the induced field which is given

in terms of the magnetic vector potential , and a second source that is derivable

from a scalar potential and is produced by the charge separation along magnetic

f i e l d  l ines , thus ~~~ 
= - - V~ where ~ is

• 
the electric scalar potential . The

• ~~ = 0 condition then implies that -
~~~ 

• B = . B or —t~ = - 
~~~~

- where B

is the unit vector in the direction of B and s is an element of length along ~~.

Thus , E 11 
is known everywhere , if ~ is known over some boundary it can then be

found everywhere in the magnetosphere . A kno%:ledge of ~ and its gradients

together wi th the values of the induced electric field suffice to actually

determi ne the total electric field in the magnetosphere .

This problem was a biproduct of the present study and not investigated in detail.

It is however called to the reader ’s attention in this report and it is felt itr
is an important problem basic to the study of r~agnetospheri c physics . Its

implicat ions may be of considerable importance . Firs t, the 7resence of such a

field demands that magnetic field lines can no longer be ccn~idcred as equi-

potential surfaces. Indeed, this work has shown that the potential along the

rracnetic field lines ext-endi n~~to çeosynchronous orHt can vary by as much aS

7 or 8 kilovolts. The most important ccr.seque nce of such a field , however, is

. 5 .  -5-•~ 
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that it can accelerate charged particles in the magnetosphere locally . This is

one of the key problems in magnetospheric physics , to understand how plasmas in

the magnetosphere gain and lose energy . Such an electric fiel d source should at

least accelerate some of the particles some of the time . It would be expected

that it would be those particles that drift around the magnetosphere with a period

close to 1 day . The solar wind plasma with proton energies typically on the order

of 1 kilovolt takes approximately 1 day to rotate around the magnetosphere at the

location of geosynchronous orbit. The consequences of this induced electric

field thus appear to be very exciting.
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- SectIon 3

THE B,t COORDINATE SYSTEMS FOR PARTICLE DATA ORGANIZATION

In order to properly utilize this magnetic field model to organize charged

particle data it is necessary that the behavior of the particles in the magnetic

fIeld be properly understood . Adiabatic ‘Invariant theory has been used together
• I 

with magnetic field models to develop “coordinate systems ” for the meaningful

representation of the particle data. Northrup and Teller (1960) discussed the

use of adiabatic invariants in describing the motion of charged particles in a

magnetic fiel d . These invar iants can be used to describe charged particle

behavior when the change in the magnetic field over one cyclotron radius is very

• small, a condition that is satisfied by almost all charged particles trapped

in the earth’s magnetic field.

The first adiabatic invariant states

w
= C = constant (3.1)

H i.e., the component of energy perpendicular to the magnetic field, W~, divided

by the total magnetic f ield, B, is a constant. If ~ is the pitch angle of a

particle (i.e., the angle that the velocity vector of the particle makes with

the magnetic field vector) then = W sin~ct where W is the total energy of

the particle. Particles trapped in the earth’ s field bounce back and forth

along field lines between two points called mirror Doints. The mirror points

are the points where a 900 an d = W, and therefore the magnetic field at

the mirror points , Bmj r a Is

BmIr =~~~
F C  

38 
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That is for a particle of fix~d energy t
~mir’ 

the field at the mirror points ,

is a constant and may be considered an alternate form of the first invariant.

The second invariant for a particle , the integral invariant, is defined as

= 
r ’ (Bmir ) 

(1 - B1jB )l/2 ds (3.3)
r (Bmir ) mir 

-

• where ds is the differential path length along the line of force connecting

the two mirror points r and r ’ and 8~ is the parallel component of the magnetic

field. As adiabatic particles move in the earth’s magnetic field they bounce

back and forth between their mirror points and slowly drift perpendicular to

the magnetic field in such a way that 8mir an d I remain constant. In the . 
-

earth ’s magnetic field the locus of points in space that have the same Bmir
and I form a ring in each hemi sphere and the field lines which connect these

r ings form a surface on whi ch par ticles m i rror i ng at Bmir are trapped . This

surface is referred to as a drift shell. In general particles that mi rror at

di fferen t values of B along a line of force will not follow the same drift

shell (shell splitting). Mcllwain (1961), however, showed that when external

magnet ic fiel d sources are neglected ( he use d the Jensen an d Ca in 512 term

expansion to represent the earth ’s main field) this shell splitting effect is

quite small. Mcllwain made use of the fact that all particles which Initially

drift through a point will always be found on approximately the same shell and

• labeled these shells wi th a unique number, 1, where I is approximately the

radial distance in earth radii to the shell at the equator. Therefore, a

n.j ccordinate system which identifies the shell (L) on which a particle moves and

iden ti f ies where on the shell it mi rrors (B mir) uniquely identifies the particle.

- -- --— - • — — -— .--5 _ 5— - — -5- —-—_-~~~~- — —--- ---__—-- .- -5- - - - — _ —.-
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In general I, the shell parameter , has the definition L = f(B, I) but McIlwa ln

showed that for a .d ipo le fiel d -

- 

L
~~~ f(V) (3 .4 )

* 
where M is the earth’s dip ole momen t I an d B are calcul ated us ing the ful l  ser ies

representation of the earth ’s main field. The function f is evaluated using the

dipole field expressiort at numerous points in space. An analytic expression for

L in the real field is then obtained using least squares techniques. Mcllwain

used the func tion

“L~B 
\ n=6

in ( —a— - = ~ ~ X11 (3.5)
/ n=o

where X = in (i~~.) and a~ are fitted by the least squares procedures.

The curren t vers ion of Mc llwa in ’s (B , I) coor di na te system cons iders onl y the

internal magnetic field sources and thus is vali d near the earth (I Z 3) where

the external field sources are negligible. At larger distances (I ~ 3) one

must include the external field sources in order to adequately describe the

magnetic field. By including the external field sources in the definition of

(B , I) the validity of (B , I) can readily be extended to about I 5. For I < 5

the asymmetries of the field are small and the approximation that particles on

a given field line will follow the same drift shell is valid. Roederer (1969)

first showed that at large geocentric distances (1 > 5, where the field dis-

tortlons become large ) partic les of different pitch angle should follow different

drift shells and that it is iriportant to include shell splitting effects in
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order to understand particle behavior in this region . Pfitzer , et al., (1969)

using data from the geosynchronous satellite ATS-l and the elliptic orbit

satellite OGO-3 , first —emonstrated experimentally the importance of shell

splitting. It was shown-that at synchronous orbit particles passing through a

iiven point and havina different pitch angles will follow drift shells that may

separate by as much as one R.~ (See Figure 22) -

- 

- 3.1 Generalizat ion to the Distorted Field

t 
The first step in generalizing the (B , L) coordinate system is to modify the

magnetic field code to combine an accurate expansion for the internal field

sources with an expansion for the external field sources. The currently avail-

able (B , L) program uses the 1960 Jensen and Cain expansion. We have selected

IGS 75 (Barraclough et al. 1975), a more up-to-date and accurate version

of the Interna l field code and have combined it with the external field expansion

discussed in the Section 2.0. The internal magnetic field code is in spheri-

cal geographic coordinates and the external code in cartesian solar magnetic

coordinates and therefore several coordinate transformation (see Appendix B)

were developed in order to combine the fields. This total magnetic field Is

then used for all  (B , I) calculat ions.

Several methods of extending (B, I) to the distorted field case are possible.

No matter how distorted the fiel d , it Is always possible to map directional

particle fluxes, F(ct) , by either using the adiabatic invariants (Bmir~ 
1)

directly to organize the data or by defining a new I (L*) which is a function

of the pitch angle of the measured particle as we’l as its location . This

coordinate system would most accurately organize directional particle data.

- .5- - - - --~~~~~~~--—- -5- . 5- 5 -  -—•---- -~~~~~~~~~~~~~~~~~~~~~ - - - 
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~~~~~ _ • _  (from Pfl tzer ,-et al., 1969). - 
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If , however, only omnidirectional data wi th unspeci fied pitch angle distri butions

are ava i la ble , very little can be done to Improve (B, 1) beyond the inclusion

of the external field sources in the calculation of I. However, when the pitch

angle distri bution is known , then (B, L) can be modified to represent the average -

shell on which the observed particles move. In this study we have used this

third approach. We have modified I and defined an r which represents the
average I value when the particle flux is known to be isotropic.

Mc llwa in ’s program for calcula ti ng (B , L) evalua tes the second invariant by

integrating from the location of the satellite (i.e., 8mir in Equation (3) is

set to the value of B at the location of the measurement) to the conjugate

point. This gives a value of I which is identically accurate for particles

having a pitch angle of a = 900 and thus represents one extreme of the pitch

angle distribution. All other particles wi th different pitch angles will drift

on shells either outside or inside the a = 900 shell. By modifying the 8mir
used to determi ne I to represent a particle that drifts on a shell near the

center of the drift shel l distribution we can define a 
~mir 

and then determine

the average second invarian t, T, for the isotropic flux case.

A modified (B, t) thus replaces the (B , L) system where E can be obtained from

the following procedure:
I~

1
~ -

1) Determine 
~mir 

A number of drift shells were computed for isotropic

particle distribution In the combined external plus internal f ield and

the following algorithm was empirically deve l oped for

5—’
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~mir Bmir if B i > 3
~
Bm ir -

where Bmir is the minimum B along the field line.

If B .  < 3
~~m’Ir’ 

then (3.6)

~mir
Rmir if E L < 3  -

where -

EL = ( 

0.311653 1/3 - -

mir /

~mir
C •B ir < 3 • B ir if E I > 3

where

C = 1.3 if EL > 5

C = 1 + 0.15 (EL - 3) if EL < 5

2) Determine T using the equation

A’ / ~ l/2
T =  

J 
( 1  - B(S ) 

) 

ds (3.7)
A \ Bmir

where A and A- ’ are the points  on the field line where B(s) =

3) Substitute 
~mir 

and T In to

in 
(

~~~~~

3 

~mir 
- ~) =:~: 

a~ 
{ 

ln (T

3
~~mir)]~ (3.8)

where M is the dipole moment and a~ are the coefficients of Mcllwain ’s
expansion .

I.

L ; -

- . 5 - ~_4 
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The above procedure has the property that as drift shell splitti ng becomes small ,

r approaches I. When drift shell splitting becomes important r will represent

the average drift shell more accurately than I. The procedure is only slightly

more complicated than the present (B , L) procedure and the only difference in

computer time results from evaluating I over a slightly longer path and from

having a more complicated expansion for the magnetic field. Since L is deter—

mined for an isotropic particle distribution, it will be less accurate for

other pitch angle distri butions. Also , since r represents an average dri ft

shell, exceedingly strong (e.g., discontinuous) radial gradients in the particle

distribution cannot be mapped accurately with r. For the hichly anistropic

cases and for stron g ra di al gradients onl y directional measuremen ts can be

mapped and r is not the most useful approach , instead 1* which is a modification

of I that takes into account the pitch angle of the measurement must be used.

3.2 Tilt Effects in B, t

In the previous paragraphs we have discussed our extension of the Mcllwaln

(B, I) coordinate system to a highly distorted field. Since the dipole of the

earth is inclined to the rotation axis, the tilt angle, ~.i , changes slowly.

This causes the magnetic field at large geocentric distances > 5R~ to vary

p?riodically with a frequency that is slow compared to the time it takes all

but the lowest energy particles to drift around the earth . Therefore, the

particles adiabatic Invariants remain constant during this change , and at the

end of a day when a 24-hour cycle has been completed the particles ( i f no other

disturbances have occured) will be in their initial shell positions. I~~refore

even though the magnetic field is changing with time, r (for a given particle



-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

set) remains àpproximate~v f.lxed such that any part icl~ whose adia_b~tic invariants

remain constant wIll have the same label over the entire 24-hour period of

changing tilt.

Since the magnetic field at a given location varies with the tilt , ~i, the

value of r will move inward and outward over the 24-hour period . Thus , r
correctly labels the constant drift shells on which the particles move during

the adiabatic field changes.

Appendix A describes the computer programs developed to evaluate E, as well as

all of the programs for determining the magnetic field at a given point in

space. The user is given the option of calculating I as defined initially by

Mcllwain , calculating I using the external plus internal field or calucating r
using the external plus internal field. 

-
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_
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- Section 4

SUMMARY AND CONCLUSI ONS -

A new magnetospheric magnetic field model has been developed and described.

It is valid throughout the inner magnetosphere and we believe it currently

4 offers the best description of the total magnetospheric magnetic field during

quiet macnetic conditions. It is valid for all angles of incidence of the solar

wind  on the earth ’ s magnetic dipole axis. Its region of validit y is out to

a geocentric dist~~ce of 15 earth radii or to the magnetopause, whichever is

smaller. The model is semiempriical . That is, it is based o~’ botn the several

physical principles tha t govern our current un-terstandi ng of the riagnetospheric

magnetic field , and on several data sets that describe quantitatively the struc—

ture of the magnetospheric magnetic f~eld. The quantitative model representation

was done by fitting both the spatial and the tilt angle coordinates simultaneously.

The resulting four-dimensional model represents on average the magnetic field

values input to the fitting routine to approximately 15 percent of their values

with an average error over all three magnetic field components of 0.27 gammas.

The model has been tested in several ways and found to offer an accurate

description of the field in the inner magnetosphere . The model has already

H been used to predict the earth intercept of field lines from various geosynchro-

nous satellites . This information is of vital interest to satellite experimenta l

groups wishing to coordinate their work with ground based and balloon experiments .

The primary reason for developing the model was to combine it with adiabatic

invariant theory to offer a more accurate means for organizing charged particle

data out to and beyond geosynchronous orbit. This has resulted in the development

~

~LA 
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of a new “coordinate system ,” the (B, L) coordinates , which will be useful for

such particle mapping exercises. -

Because this magnetic field model is in some sense time-variant (as the tilt

angle changes the magnetic field changes through the day), there is associated

with it an induced electric field. Althou gh this induced electric field was

anticipated and vector potential representation of the magnetic field components

were obtained in order to easily calculate this induced electric field , it was

not the principle purpose of the contract research and therefore has not been

studied in detail. It is believed , however , that this electric field may exert 
-

considerable influence on the magnetosuheric plasma and its study may shed

light on many important problems -in magnetospheric physics.

The magnetic field model has also been used together with Lorenz force calculations

to study the cutoff in magnetic latitude of the region of penetration of solar

cosmic ray particles. With the introduction of this model there is no l onger

any discrepancy between model calculations and observations. Prior to the recent

earlier work of Olson and Pfitzer (1974) the “cutoff problem ” was considered

to be one of the key problems in cosmic ray physics and several theories were

promulgated to explain the difference in the observed and calculated cutoff

lati tudes. It therefore may be said that use of this model has led to the

solution of this classical cosmic ray physics problem.

Complete listings of the model magnetic field and the new (B , E) coord i na te

system routines are given in Appendix A. It is again called to the reader ’s

attention that this document is meant to be only what it says , an annual 

~~~~~~~ - - - - ----- -- - -  — --- --5-  ~~~~~~---—--.--5- - --- - - -5 - —---
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report. The final de~cr1ptions of the magnetic field-model and its testing and
uses will eventually be provided by jour nal art ic les wh ich will be submitted

- 

I 
shortly. Als o , the listings provided in the :-pendices should be considered

- provisi onal. A final authoritativ e descripti~.’~ of the model and the (B, 0

- 
coordinate system will be available after some final inputs are obtained from

- 

DoD personnel. 
-

I.- ‘

i
I,
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Section 5

APPENDIX A — -

COMPUTER CODES

The complete computer program developed under this contract effort consists of

a set of nine separate routines. These routines may be combined in s’veral

different ways depending on user needs. The four most important configurations

are shown in Table A— l. The program listin g which is included in this appendix

is typical for configuration 1. A test deck which exercises all of the subrou-

tines is supplied with configuration 1. This test program can be used to verify

correc t opera tion of the code on the user ’s computer. All subroutines have been

written in ANSI standard FORTRAN IV.

A definition of each subrouti ne , the calling sequences , restriction’S and

limi tations are contained in the COMMENT cards associated with each routine .

5.1 Subroutine Description

A brief description of each subroutine follows:

INVTST is a test program designed to exercise the subroutines. It permits

the user to verify the correct operation of the program on his computer.

FLDINT is the field line integration routine which calculates I or I

depending on the option selected . It requires all other subroutines

for correct operation.

BMNEXT determines the total magnetic field at a point by combining an

internal magnetic field code given in qeonraphic spherical coordinates

with an external magnetic field code given in cartesian solar magnetic

~ “
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coordinates. BMMEXT requires the internal field routine SPHRCM , the

external field routine BXYZ MU , and the tilt angle routine ANGIE.

BM NEXT is a generalized total field routine and can provide input and

output in either spherical or cartesian geograohic coordinates.

BXYZMtJ is the tilt dependent external magneti c field subroutine . It

supplies the magnetic field contri bution from the external current

sources (ring, tail , and magnetopause) as a function of position and

the tilt of the dipole axis. Input and output are in solar magnetic

coordinates. This routine is completely self-contained and requires no

other routines for its operat ion. However , subrou ti ne ANGLE may be used

to determine the tilt angle , p, as a functi on of time.

SPHRCM is a mod i fication of J. C. Cain ’s (USGS) fast SPHRC routines. They

have been shortened from a fourteenth order expansion to a nineth

order expansion and combined into a single subroutine . A smooth trun-

cation scheme has been added such that for large distances fewer

terms are used . The terms are turned off gradually. The version used

for this study contains the IGS 75 (Barraclough , et al., 1975) coeffic ients

through n = 9. SPHRC?4 may be used independent of all other routines.

ANGLE is a subroutine which calculates the position of the sun in the

celestial sphere and determines the tilt angle , ~i, as well as the

rotation sines and cosines for transforming from geomagnetic to solar

magnetic coordinates. ANGLE is self-contained and may be used indepen-

dent of all other routines. Derivations of these an gles are gi ven in

Appendix B.

INTERP is a parabolic interoolation routine which fits a parabola through

three points and evaluates the function at a specified location . It

Is an Independent routine.

V.
52 
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MA XF I X determines 
~mir 

given Rmir and 8min~ 
The algorithm for 

~m ir  Is

given in Section 3.2.

CARMEL is a copy of C. E. Mcllwain ’s ((‘niversity of California , San Diego)

code for determining I. Given 8mir  and I, CARMEL calculates I; or

gi ven 
~mir 

and I’, CARMEL determines r. CARMEL may be used independent

of all other routines. - -

5.2 Sample Output Description

The test program (INVTST) produces a sample output used by calling the field

line integration routine (FIDINT ) at various locations and times (see Section 5.4).

L is determined for three separate cases: (1) Internal field only (I INT),

(2) internal plus the external field (L INT+EXT), and (3) r which uses internal

plus the external field (I AyE).

The definition of the column headings for the sample output are given below:

LAT The geographic latitude in degrees.

LONG The geographic east l ongitude in degrees.

R The geocen tr ic ra di al di stances. R = 1 . 0  i s  6371 .2  km.

DAY OFYR The day of the year (1-366). January 1 is DAYOFYR = 1.

I The value of I or r.

BMIN The minimum value of the magnetic field along the field line.

MAGLONG The magnetic longitude in degrees measured eastward of the meridian

through the dipole and the geographic pole (—69° W longitude).

MAGLAT The magnetic latitude in degrees. +90° magnetic latitude is at

11.7° North and 69° West geographic.

- ;

.5 - - - - - . 5 -  .5-5-5-5 .5 
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~~ CPTIME Central processor execution time in seconds on a CDC 6600 for the

-~ determination of a single value of L. Because of the uncertain-

ties involved in measurin g such short times, the times may be In

error by as mush as +0.002 second. These times are useful In

informing the user of the relative computer times required for the

-

~ 
- three I options.

r

~

-5-5

~~~~~~~~~

-5 
~~~~~~~~~~~~ 



TTTT~~~~

5.3 Program Li-sti ng

P R O G R A M  I N V T S T ( I N P U T ,O UT P UT ,T A P E 6 O U T P U T )
D I M E N S I O N  I A R ( 3 )
D A T A  I A R/  IOH L T NT ~1OH I T N T + E X T ,IOH L AVE
LN= 100
DO I I D = 1 , 90 , 89

- DA~~I D
DO I 1IJ ~~I , I9 , 6
UT I U—i
LN ~~100
DO 1 1 1 = 1 , 31 , 30 -

- ; - 
F L A T = I L — l

DO I I L G = 1 , 18 1 , 90
X L O N G = T L G — l
DO I I R = 2 , 8 , 3
R=IR
DO I I C = I , 3
CALL S E C O N D ( T A )  -

C A L L  F L D I N T ( F L A T ,X L O N G ,R ,I975 .,DA ,UT ,IC~~2 ,EL ,BM ,X M LO NG ,X M LA T )
C A L L  S E C O N D (  T B )
T C = T B — T A
LN=LN+1
IF ( LN L T . 5 8 )  GO TO 10
LN=0
PRINT 11

ii F O R M A T C I H I ,15 X , LA T LONG R D A V O F Y R  T I
.ME L BMIN MAGLONG M A G L A T  CPT IME ~~,
.1/)

12 F O R M A T ( A 1 O ,1 0 F 1 2 . 5 )
10 P R I N T  12 , I A R( I C ) , F L A T , X L O N G , R , DA , UT , EL , BM , X M LO N G , X P 1 LA T , T C

CONTINUE
END

-

~~

. 4  , .
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SUBROUTINE FLDINT( XLA T ,X L O N G ,R ,VR ,D A Y ,T I M E ,J S W T C H ,EL ,BBM IN ,X M L O N G ,
.XMLAT )

C
C FLOINT CALCULATES THE SECOND A D I A B A T IC  INVARIANT BY INTEGRATING ALONG
C M A G N E T I C  L I N E S  OF F O R C E
C IT CAN CALCULATE EITHER THE OLD INTERAL FIELD ONLY L , L M O D I F I E D
C BY THE EXTERNAL FIELD , OR AN A V E R A G E  I BA SED ON ISOTROPIC PARTICLES
C CALLING SE QUENCE — INPUT PARAMETER
C XLAT GEOCENTRIC LATITUDE INDEGREES
C XLONG GEOCENTRIC LONGITUDE EAST OF GREENW HICH IN DEGREES
C R GEOCENTRIC Di STANCE FRO M THE EARTHS CENTER IN UNITS OF
C EARTH R A D I I , RE. RE= 6371 .2 KM
C YR THE YEAR — USED BY SOME MAIN FIELD ROUTINES TO SET THE
C COEFFICIENTS (E .G. JULY 15 ,1 96’4 196’4 .5 q )

C NOTE .~~. YR SHOULD BE CHA r4GEO ONLY EVERY FEW DA YS OR MONTHS.
C NEW FIELD COEFFICIENTS MUST BE COM PUTED FOR EVERY CHANGE
C iN YR , THIS COULD CAUSE A LARGE INCREASE IN COMPUTER TIME .
C THE EARTHS FIELD CHANGES ONLY ABOUT .001 GA USS /~’EAR AT THE
C EARTHS SURFACE .
C DAY THE DAY OF YEAR (1. —366. ) . DAY IS USED BY THE DIPOLE TILT
C R O U T I N E .
C DAY MUST BE A WHOLE NUMBER AND DAY I Is JANUARY 1
C TIME UNIVERSAL TI ME IN HOURS (O.000—2 ’I .0000)
C JSWTCH =— I COMPUTE L USING INTERNAL FIELD ONLY
C = 0 COMPUTE L USING INTERNAL + EXTERNAL FIELD
C =+1 COMPUTE AV E R A G E  I USING INTERNAL + EXTERNAL FIELD
C OUTPUT PARAMETERS
C EL THE I VALUE DETERMINED A5 RE QUESTED BY JSWTCH
C BBrIIN THE MINIMUM VALUE OF B ALONG THE FIELD LINE IN G A U S S
C XM LONG THE MAGNETIC LONGITUDE MEASURED EAST OF THE ME R I D I A N
C CONNECTING THE TWO POLES (APP .EA ST OF 69W GEOGRAPHIC)
C XMLAT THE MAGNETIC LATITUDE
C

C ....NOTE ....
C SINCE THIS ROUTINE USES AN ACTUAL ~1A GNETO S PH ERI C M 4GNET IC FIELD ,
C THE FIELD LINES ARE NOT ALL CLOSED. THUS L IS DEFINED ONLY IN THE
C INNER MAGNETOSPHERE . AN ATTEMPT TO CALCULATED L OUTSIDE OF THIS
C REGION WILL SET I EQUAL TO 100. (EL=t00.
C BBMIN WILL BE SET TO THE LOCA L VALUE OF B .
C ~~~~~~~~~~~~~~~~

COMM ON /BXY ZCM /VEAR , DAYYR , UT , X M L G , K O D E , JSW , I N I T L , X M L T
DIMENSION X (3 ),XL( 3 ),Q (3),QL(3),B(3 ),BL(3 ),SS (3),RR (3 ),BB(100 ,’4),

.5( 100 ),SDS ( 100 ), BINTL( 3 ), XX I 3)
DIMENSION SX J (IO O )
D A T A  P 2 9 , O PT I . 2 9 2 8 9 3 2 2 , I . 7 0 7 1 0 6 7 8/
D A T A  P IC O N / . 0 1 7 ’~ 532 9 2 5 2 /

C SET UP I N I T I A L  C O N D I T I O N S
Y E A R = Y R
U T : TI M E

D A Y Y R = DAY
K O D E I
J SW = J 5 WT C N

C O 5 I N E C O S (  X LAT .PICDN)
X X (I )~~R .COSINE’COS ( X LON GØ P ICON)
X X ( 2 ) : R . C O S I N E . S I N ( X L O N G S P I C O N )
I X (3 ) =R . S I N (X L A T s P  I C O N )

I N IT L : O .
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C ALL B t’1 N EX T (X X ,B ,BB (2 ,I))
IF (X M L G . L T .0 .  ) XM LG=XMLG. 360.

X M L A T = X M L T
X M L O N G = X M L G

C E X I T  IF OVER THE POLAR CAP OR D I S TA N C E  IS TOO t A R G E  OR F I E L D  IS TOO
C W E A K .

IF ( ABS( XM LT ).GT .7 5 . . O R .R .GT .12.. OR. BB ( 2 ,I ) . LT . O . 0 0 0 2 5 ) GO 10 330
I N IT L I
NB MI N=2
MA x FL G = o

~

-
4 I X J = 0

I S W = 0
IPAS S= 0
E L O
DO t O  1=1 , 3
B I N T L ( I ) B ( I )
X ( I ) = X X ( I )

10 0( I )= O .
S ( 2 ) 0 .

C SET UP ERROR C O N S T R A I N T S
ERRR= .005
E R R = E R R R / l 0 .
S E R = SQ R T ( ( X( 1 )..2+X ( 2 )‘.2+X( 3 )“ 2 ) .ERR )
FE R= E R R ~~’0 .25
DEL =—2.5 .F ER
DS= SER
B M A X = B B ( 2 , 1 )
BM I N = B M A X

C STEP ONCE IN THE I N C R E A S I N G  F I E L D  S T R E N G T H  D I R E C T I O N  AND SET STEP TO

C I N T E G R A T E  I N  DEC R E A SI N G F I E L D DI R E C T I O N
IF ( X M L T . G T . O .  )GO TO 30

20 OEL=— OE L

05=—OS

30 DO 35 1=1 , 3
35 XL ( I )=X ( I )+D5~~B ( I )/BB ( 2,1 )

- C A L L  B M N E X T ( X L ,BL ,BB ( I ,1))
• IF (BB ( 1 , 1 ) . L T . BB (2 ,1 )) GO TO 20

C D E T E R M I N E  C U R V A T U R E  AND D E T E R M I N E  STEP SIZE

S ( I ) D S
‘+0 C U RV = O .

C U RV M N = A B S (  DEL )/ (  I . 5’ (  X (  I ) . .2+X(  2 )
~~.2 +X (  3 )

~~~2 )..( . 7 5  ).F~~

~ f 00 50 1=1 , 3
50 CUR V = C U R V + (  ( B( I ) IB B (  N, 1 ) — B L C  I ) f B B (  N—I , I )  ) / D S  ).~~2

CURV=S QRT (CURV )
It CURV =A !IAX I (CURV ,CURVMN )

C— DEL/CURV
OS=SIGN ( AMIN I (A BS (O S ),2.8 ),OS)

C S A V E  L A S T  S T E P  
.

60 DO 65 1 = 1 , 3
4 X L (  I ) = X (  I )  -~

QL ( I )=O (I)
65 BL ( I )=B( I)

C BEG IN GILLS METHOD OF RUNGE KUTTA INTEGRATION
66 P5D5 .5~~DS

P29DS P29~~DS
- - - O PTDS=O PT~~DS

I.-
,’ 
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SDS (N )=DS
DO 70 1=1 ,3
SS ( I I P 5 ~15.~~( I )/BB ( N , 1 )
RR( I )=SS ( I )—Q( I )

X I I  )=X ( I )+RR( I)
TO 0(1 )=Q ( I ).3.~~RR ( I )—SS ( I)

CALL BMNEXT(X ,B,8B(N,2))
DO 7 1 1=1 , 3
55 (  I )= P2 9 D S . B (  I 1/UI N, 2 I
RR( I )=55 ( I )— P29’Q ( I )
X I I  ) = X (  I ) + R R (  I )

71 011 )=0( I 1,3. .RR( I 1— 5 5 11 )
CALL BMNEXT (X ,B,BB (N,3))
DO 72 1=1 ,3
SS (1 )=OPTDS.B ( 1 )/BB (N ,3 I
RR (  I )= 5 5 (  I )— O P T . Q (  1)
X I I  )=X( I ).RR( I)

72 0 (11 = 011 )4 3. .RR ( 1 )—55 ( 1 )
CALL BMNEXT (X ,B,BB(P4,’I))
DO 73 1= 1 ,3
SS (  I )= P 5 D S ’ B (  I )/ B B (  N, ’$ )
RR ( I ) =( 551 1 )— O I l )  1/3.
X (  I ) = X (  I ) + R R (  I)

73 0 ( 1  )= Q (  I 1+3 .  .RR(  1 ) — S S (  I )
N=N-i I
S( N )= S (N— 1  1.05

CALL BMNEXT (X ,B ,BB (N ,1))
C IF N IS TOO B I G  STOP C A L C U L A T I O N

IF (N.GE .100) GO TO 300
C IF DISTANCE TOO LARGE OR FIELD TOO SMALL EXIT

IF (X (1) ..2 .X(2)’~ 2 .X(3)~ ’2 .GT .I’f ’,..OR .BB ( N ,I ) .L T .O .OOO2 5 )GO TO 330
IF ( ISW >200 , 100 , 150

100 IF (BB (N ,1 ).GE.BM IN)GO TO ItO
BM IN=BB (N ,1 )

- - N BM I N = N

1 1 0  I F ( B B ( N , 1 ) . L T . B M A X ) GO TO ‘40
C IF B M AX 15 E X C E E D E D  STO P I N T E G R A T I O N

IFU’ 1AXFL G . E 0 . O )  GO TO 190
120 M I

125 C A L L  I N T E R P ( B B ( N — 2 , l ) , S ( N — 2 ) , BM AX , SF , I I
N=N-M

C CHECK TO SEE T H A T  L A S T  STEP IS CLOSE TO BI’ IAX
IF (A B S (S F — S ( N ) > .LT.SER ) GO TO 160

DS= . 9T~~ S F — S (  N ) )
IS W= I

130 I FU ’ 1 . E0 .0 )  GO TO 60
CO 1’+ O 1=1 , 3
X C I  ) = X L (  I )
0 ( I ) Q L ( I )

P40 B C I )= BL (  I)
G0 T0 66

150 IF BB (N ,1 ). G T . BMAX ) GO TO 120

1=0
GO TO 125

16 0  I F ( N — 3 ) I $ 0 , 17 0 , 2 00
17 0  IF(  I P A S S . NE . 0 ) GO TO 200

C TOO FEW P O I N T S  TO F i ND I GET ONE MORE

_ _ _ _ _ _ __ _ _ _ _ _ _
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ISW —1
D S = O . 5 . ( S ( N — 1 ) - - S C N ) )
GO TO 130

180 I F (I P A S S . EQ .O) GO TO 185

182 S X J (3 > = S X J (2 )
5 X J (  2 ) S X J (  1)
5X J ( 1 )=SXJ ( ‘+ )

5 BB (3 ,I )=BB(2 ,l I
BB (2 ,I )=BB (1 ,1 )

BB( 1 ,1 )=bBC’s ,1 )

N = 3
GO TO 215

C CALCULATE L FROM BMIN IF POINT 15 NEAR BM ItJ OR IF INTEGRATION FAILS
185 X J = O .

EL= (O .311653/BBMIN ).. (1 ./3. )
R E T U R N

190 M A X F L G = 1
CALL INTERP (BB(NBMIN—1 ,1 ),S C N B M I N — I ) ,DU FIMY ,BBMIN ,— 1 )
CALL M A X F I X ( BM A X ,BBM IN)
GO TO 110

C
C FIELD LINE INTEGRATION COMPLETE CALCULATE IN V A R I A N T
200 XA=O

QA = O
S O S V = S U S ( 2 )
S X J C 2 )= 0 .

I
DO 210 K=2 ,NN
D5=SDS (K )
P5DS= .5 ’D S
P 2 9 DS P29~~DS
O P7OS OP 7~~OS
FA C T O R = O .
IF (BB (K ,I) .LT. BMAX )FACT O R=S QRT (I. — B B C K ,1 )/BMA X)
5A = P 5D5 .FA CTO R

R A = S A — Q A -
X A = X A + R A
QA = QA .3 . .RA — SA

• FA C T O R = O .
!F (BB CK ,2).LT. BMA X )FACTOR = SO RT (1 . — B B C K ,2 )/BMAX )
SA :P29 0S .FA CTOR

PA= SA—P29 ~ QA
X A = X A . R A

Q A =QA ,3~~ R A — S A
FA CTOR :O .

IF (B B ( K ,3 ) .LT . BM A X ) F A C T O R :S O R T (I . — B B (K ,3 ) / BM A X )

5A :OPTDS .FACTOFI
R A = S A — O P T ~~QA
X A = X A + R A
QA = QA .3 . ’RA —SA
FACTOR:O.

IF (B B CK ,’4).LT .Br’IA X )FACTOP :SQPT (1 . — B B C K ,’4 )/BMAX )
S A : P 5 D S . F A C T O R

XA X A + R A
QA 3A ,3~~RA— 5A
S X J (K.l )=X A

-.5 - -- - ~~~.~~~~_-_- -_ - - - .5- -- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



2 10 C O N T I N U E
C INTERPOLATE TO IMPROVE INVARIANT VALUE
215 CALL INTERP (BB (N—2 ,l ) ,SXJ (N--2 ),Bt’lAX ,X X J , N)

XJ =XJ +ABS ( Xxi 1
C IF 2ND PASS OR BMA X WAS NOT CHANGED STOP INTEGRATION

IF (IPASS. NE.O) GO TO 230
IF( ABS (BB(2 ,t )— BMA X) /BMAX. LT .ERR ) GO TO 230
IP A 5 S = I
S X J (  1 ) = S X J (  3 )
BB ( l ,1 )=BB (3 ,l )

5 (1 )=S ( 3)
CALL INTERP (BB (2 ,I),S (2),BMA X ,SF ,2)
IF (ABS (SF ).LT.SER ) GO TO 182
DEL=— DEL
D S= — S D 5V

DO 220 1= 1 ,3
X ( I ) = X X C I )

H Q ( I ) = 0
220 8(1 )=BINTL ( I)

N=2
ISW=O
GO TO 60

C CALL M C ILWAINS L EXPANSION
230 CALL CA RMEL (BMA X ,XJ ,EL)

R E T U R N

F’ 300 W R I T E ( 6 , 3 1 0 )
310 FORMAT (2OH FIELD LINE TOO LONG )
C IF EL CANNOT BE CALCULATED SET BBP1 It4J TO LAST V A L I D  VALV E OF B
C AND SET EL TO 100.
330  BBMIN=SQRT (BINTL (1)..24-BINTL(2)a~~2+BINTL (3 )~~~2)

EL=100.
R E T U R N
END

.5— 
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SUBROUTINE BM NEX T (XX ,B ,BMAG)
C S U B R O U T I N E  FOR M A G N E T I C  F I E L D  M A I N  PLU S E X T E R N A L  -

C VERSION 9/1/76
C DETERM INES THE VECTOR MAGNETIC FIELD IN GEOGRAPHIC COORDINATES
C USING A SPHERICAL COORDINATE E X P A N S I O N  OF THE EARTHS FIELD AND A
C CARTESIAN COORDINATE EXPANSION OF THE BOUNDARY , T A I L  A N D  R I N G
C CURRENT FIELDS IN SOLAR MAGNETIC COORDINATES

- I  C -
C INPUT AND OUTPUT ARE VIA  THE ARGUMENT LiST AS WELL AS THRU A COM MON
C B L O C K  BX V Z C M . UT , KODE , D A Y Y R , XrILG , XM LT , JSW , AND YNI TL ARE
C T R A N S M I T T E D  T H R O U G H  COMMON.
C
C COMMON BLOCK ARGUMENTS 

-

C XOOE= I SPECIFIES THAT INPUT AND OUTPUT ARE TO BE IN C A R T E S I A N  COOROS
C KODE=2 SPECIFIES THAT INPUT AND OUTPUT ARE TO BE IN SP H E R I C A L  COORDS
C UT 15 THE UNIVERSAL TIME IN HOURS (0. —2’4.
C DAVYR IS THE DAY OF YEAR IN DAYS —— IT IS ONLY USED IF A TILTED
C MAG N ETOS HER IC EXTERNAL FIELD IS USED
C THIS DECK IS SUPPL IED WITH A TILT DEPENDENT VERSION OF THE
C EXTERNAL FIELD.
C JSW LESS THAN ZERO —— GET INTERNAL FIELD ONLY
C IF GREATER THAN ZEAO ~ET INTERNAL PLUS EXTERNAL MAGI’4ETI FIELD

.5 C IN ITL IF EQUAL TO ZERO SET UP THE VALUES FOR XMLT AND XMLG
C IF NOT EQUAL TO ZERO DO NOT CHANGE THE VALUES OF XMLG AND X r’lLT
C Xr’ILG THE MAGNETIC LONGITUDE IN DEGREES.
C 69 DEGREES WEST GEOGRAPHIC IS ZERO MAGNETIC LONGITUDE
C XMLT THE MAGNETIC LAT ITUDE IN DEGREES. 

.5

C
C ARGUMENT LIST
C XX 15 A THREE D I M E N S I O N  INPUT A R R A Y  C O N T A I N I N G  THE P O S I T I O N  IN
C G E O G R A P H I C  C O O R D I N A T E S
C IF K O D E = 1
C X X (1  )=X , X X C 2 )= Y , X XI  3)= Z. X ,Y ,Z ARE IN E A R T H  R A D I I  Z IS THE
C GEOGRAPHIC N. POLE X IS IN THE ME R I D I A N  OF GREENWICH Y=X CROSS Z
C IF KODE 2 -
C X X I I  )=R , X X (2 )= C O L A T I T U E  IN DEGREES , X X (3 ) = L O N G I T U D E  IN DEGREES
C R IS IN  E A R T H  R A D I I , LONGITUDE IS 0—360 + IS EAST OF GREENWHIC H
C B IS A THREE DIMENSIONED OUTPUT ARRAY CONTAINING VECTOR FIELD
C IF  K O D E  = I
C 8(1 )=BX , B (2)=BY , 8 (3)=BZ B IS CART IS IAN AND Z N  G A U S S
C IF  K O D E  = 2

.4 - C B( 1 >=BR (OUTWARD) , BC 2 )=BTHETA (SOUTH), BC 3 )=B PHI (E A S T )  IN G A U S S

C BMAG IS THE MAGN ITIDUE OF THE FIELD TN GAUSS
C FOR FURTHER INFORMATION CALL OR WRITE K .A . PFITZER AT MCDONNELL
C DOUGLAS IN HUNTINGTON BEACH C A L I F O R N I A  (71’4) 896—323 1

DIMENSION XC 3), BC 3), X X I  3 )
COMMON /B %YZCrI /YEAR ,DAYY R ,UT ,XML & ,X O D E ,JSW ,I N I T L ,X M L T
COMMON /GCO P1/ ST ,CT , SP ,CP ,A O R ,BT ,BP ,B R ,N M A X
DATA PICON /5T .2 9577951/ ,S 1 N D ,COSD/ .2027872 95’+, .9792228106/ ,
•S69 ,C69/ .933580’+265 ,.3583679’495/ ,U T L S T ,DAYLST/2 .123’456./

C IF EITHER T I M E  OF D A Y  OR D A Y  OF Y E A R  HA S C H A N G E D  —— UPDATE THE TILT
IF (UT .E0. U T L S T . AN D .OAY YR .E 0 .DAYLST ) GO TO I
UTLST UT
DA YL ST C AY YR

CALL ANGLE (TILT ,SPS ,CPS )
I IF (KODE .GT .I 1 GO TO 3
C CARTESIAN ENTRY

-5 - - - -- - ----.5 -5-- - --~
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X C I  ) =X X ( 1 )

X C  2 1= X X I  2 )
X C  3 )=XX( 3 )
R2=X ( I )~~~2+X I 2 >~~~2
R=S QRT ( X C 3 )~~~2+R2
R2=S QRT (R2 )
CT=X (3)/R
ST=R2 /R
CP=X ( I )/R2
SP=X ( 2 )/R2
GO TO 5

C SPERICAL ENTRY - .5

3 R = X X ( j >
THETAG= XX (2 )/P ICON
PH IG=XX( 3 )/PICON

CTzCQ S (THETAG )
ST= S IN (THE TAG)
CP=COS (PHI G I
SP=5IN (PH IG )
X ( I )=R.ST.CP
X (  2 )= R~~5 T .5 P
X (3)=R .CT

C ROTATE THE X — A X I S  INTO THE DIPOLE LONG —6 9
5 B X = 0 .

BY=O.
BZ=0 .
IF (JSW .LT .O. AND .TN T TL. NE. O ) GO TO 9

7 XPP=X ( 1 )~~C 69—X ( 2 )~~S69
V P P =  X C I  )~~S6 9+X( 2 )~~C69

C ROTATE THE Z — A X I S  INTO THE DIPOLE A X I S  (11.8 )
ZP=X PP~~SIND+X (3 )~~C O S D
XP=X PP .COSD—X (3).SIND
Y P~~Y P P
I F ( I N I T L . N E . O )  GO TO 6

C IF INITL IS ZERO SET UP XM LG AND XMLT
XMLG=0 .
I F ( Y P . NE . O . . O R . XP . N E . O . )  X t l L G = P I C O N~~ A T A N 2 C Y P , X P )

X M L T = 9 0 . — A C O S ( Z P / R ) . P  I C O N

IF (JSW . L T O )  GO TO 9
C ROTATE X — A X I S  BACK TOWARD THE SUN A P P R O X I M A T E L Y  — (  18 0-- UT—69 I
6 X l i  )=XP~~CP5— VP~~5P5

X ( 2 )=XP .5P5-.-YP~~CP S
X (3 )= ZP

~ J C GET THE EXTERNAL CONTRIBUTION
C A L L  B X Y Z M U ( X , B , T I L T )

C ROTA TE THE X — A X I S  TO THE DI POLE LON G A P P R O X I M A T E L Y  (180-s-UT- .69)
Br 1X = B(  I ).CPS.B( 2 )~~SPS
BMY=—B (1 ).SPS+B(Z )’CPS
BMZ=B (3)

C ROTATE THE Z—A X I S  BACK TO GEOGRAP H IC THE Z— A X i 5  (— 1 1 . 8 )
BG t ’ T X = 3 f 1 X . C O S D + B I IZ . S I N D

-
• BGIIY=BII Y

Bc3 M7= —B r1 X~~5 IN D .BM Z~~C O S D
C ROTATE X — A X I S  BACK TOWARD THE GREENWICH M E R I D I A N

BX:BGMX~~C69+BGMY~~S69
B Y = — B G I I X . S 6 9 + B G M Y ’ C 6 9

B Z~~B GMl

___  

62
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C GET MAIN FIELD
9 CONTINUE

A O R = j . / R
C A L L  S P H R C M

C COM BINE M A I N  FIELD AND EXTERNAL FIELD
IF( KO D E . GT .I I GO TO 10

C CON VERT COMPONENTS TO C A R T E S I A N  COORO S C X  TOWARD GREEN U ICH M E R I D I A N )
8( 1 )~~( BX i - C P ~~( ST~~B R 4 C T ~~BT ) — S P ~~8P )

~~O . O O O O l
8 ( 2  )= (  B Y -s-SP ~ ( ST . B R +C T ~~B T )+ C P .B P  )

~~0 .  0 0 0 0 1
B( 3 )=( B Z + C T . B R — S T ~~B T ) ~~O . O O O 0 1
GO TO 20

C CONVERT TO SPHE R I C A L  COORDIN ATE S
10 B ( l ) ~~( B R # ( B X . C P + B V . S P ) ’ S T + B Z ~~C T > ~~O . O O O O I

B (2 )~~(B T 4 ( B X .C P + B Y ~~S P )~~C T — B Z ’ S T ) ’ O .O O O O I

8 (3 ) : (  B P + B V ~~C P- B X~~SP )
~~O . O O O O 1

20 B F I A G = S O R T (  BC I )
~~‘2 + B (  2 )~~.2 + B (  3 )~~2 I

RETURN
E N D  

.5 
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S U B R O U T I N E  B X Y Z M U ( x ( ,BF ,T I L T >
C 

-

C V E R S ! O J  1 1 / 0 1 / 7 6
C T HIS 5U~~R O u TI N E  COMPUTE S THE MA GNETIC FIELD FROM SOURCES EXTERN AL
C TO THE T A R T H . NO IN T E R N A L  FIELD IS INCLUDED IN THI S ROUT iNE .
C IT INCLUDES THE FIELD C 2 N T R I B U T I Q N S  FROM THE M A G N E T O P A U S E  CURRENTS ,
C A N D  CuR~- E N T S D I S T R I B U T E D  T H ROUGHOUT THE MAGNETOS PH ERE (THE TA I L  AND
C R I N G - C U HR E N TS 1 . I T IS V A L I D  FOR ALL TILTS OF THE E A R T H I S  DIPOLE
C A X I S  A ND IS V A L I D  ~~- cIN G  Q U I E T  M A G N E T 1 C  CONDITIONS.
C A G E N E R A L I Z E D  ORTHONOPr -A L LEA S T SQ UA ~~ES P R O G R A M  WA S USED TO FIT THE
C C O E F F I C I E N T S  OF A P O W E R  S E R I E S  C i N C L U D I N G  E X P O N E N T I A L  TERMS ) THROUGH
C FOURTH ORDER IN S PACE A N D SECOND ORDER IN TILT.
C THIS E X P A N S I O N  HA S BEEN O P T I M I Z E D  FOR THE NE AR EARTH REGION AND
C IS V A L I D  TO 15 EART H R A D I I .  O UTSIDE OF THI S R E G I O N  THE FIELD
C D I V E~~GE $ R A P I D L Y  AND A TEMPLATE SETS THE FIELD TO ZERO.
C IN ORDER TO IM PR O V E  C O M P U T A T I O N A L  SPEED THE FIELD IS SET TO ZERO
C BELOW 2 EART H R A D I I . (IN T HIS R E G IO N THE MAIN FIELD DOMIN ATE S AND
C TH E VAR I A T I O N S  E XP R E S S E D  BY T H I S  E X P A N S I O N  A R E  NOT S U F I C C I E N T L Y
C ACCUR ATE TO PREDICT V A R I A T I O N  ON THE EA R T H I S  SURFACE) .
C C A L L I N G  S EQ u E N C E . - ~~~~.C I N PUT PA R A M E T E R S
C XX IS A 3 DIMENSIONED A R R A Y  G I V I N G  THE POSITION OF THE POINT
C WHERE THE FIELD IS TO BE CALC ULATED. X X I I ) , XX( 2 I , AND X X C 3  I
C ARE RESPECTIVELY X , V AND Z EX PRE SSED IN
C EART H R A D D I I  IN SOLAR MAGNETIC COORDINATES. Z IS ALONG THE
C NOR TH D I P O L E  A X I S , X I S  P E R P E N D I C U L A R  TO Z A ND T N  T H E PL A NE
C CONT AI N I N G  THE Z A X I S  A ND THE S U N — E A R T H  LINE , Y IS  P E R P . TO X
C AND Z FORMING A R IGHT HANDED COORDINATE SYSTEM . X IS POSITIVE
C IN THE SOLAR DIRECTION.
C TILT IS THE TILT OF THE DIPOLE A X I S  IN DEGREES. IT IS T H E
C CO MP L I M ENT O F T H E A N G L E  B E T W E E N  T H E N O R T H  D I P O L E  A X I S  A N D
C THE SOL AR DIRECTION (PSI) . T IL T= 90—PSI .
C OUTPUT P ARAMETER S
C BF IS THE 3 DI I l Er-J SIO N ED A R R A Y  C O N T A I N I N G  THE COMPONENTS OF THE
C FIELD IN SOL AR MAGNETIC COORD iNATES. BF( 1) , B F 2  ) , AND BF(3)
C A R E  T H E  BX ,B Y , AND BZ CO MPONENTS IN GAM M A .
C

DI MENSION B F C 3 ),XX (3 ) ,AA (64 ),BB (64 ),CC (’+’i ) ,DD(4¾ ) ,EE (6’+ ),FF(64 ),
4 A (  32 ) , 8 3 2  ) , C C 22 ) , 0(22 ) , EC 32 1 , F( 32 1 , TT ( 4 ) , I T A (  32  1 , 1 T B (  22 1 , 1 TC ( 32 )
DATA ( IT A ( 1 1 , 1= 1 ,32) /2 , 1 ,2 ,1 ,2,2,1 ,2, 1 ,2 , 1 ,2 , 1 ,2, 1 ,2 ,2, 1 ,2,2,2,1 ,

~2, 1 ,2, 1 ,2, 1 ,2,2,2,1/
D A T A  (1 1 8 (1 ) , 1=1 ,22 ) /2 , 1 ,2 , 1 ,2 ,2 , 1 ,2 ,2 ,2 , 1 ,2 ,l ,2 ,I ,2 ,1 ,2 ,2 ,2 ,1 ,2~
DATA (I ICC I ), 1=1 ,32) /1 , 2 , 1 ,2 , 1 , 1 , 2, 1 , 2 , 1 , 2, 1 , 2 , 1 , 2 , 1 , 1 , 2 , 1 , 1 , 1 , 2 ,

•1 ,Z,1 ,2, 1 ,2, 1 , 1 , 1 ,2/
DATA (A A (I ) ,I=I ,6’4 )/—2.2 6836E—02 ,— 1 0I8 63E— O 4 , 3.42986E.00, T O T A L

~—3. 12 1 95E—O’-4 , 9 .50 629E—03 ,— 2 . 9 1 5 I 2 E — O 6 , — 1 .5 T3 17 E—03 , 8 62856E—08 , T O T A L
~— ‘+ .2 6’4T8E— 05 , I. 62924E—08 ,— I . 2 7549E—OH , 1 - 90T32E— 0~- ,— T 65 983E— O 2 , T O T A L
~ 8 4668OE—O9 ,— 5.55 85OE— 05 , 1 .37 40’4E—08 , 9. 9I 8 1 5 E — O 5 , I 5929 6E—0~~, TOT A L
• ‘4.52 864E— O7 ,—7 .17669E-09 , ‘4. 98627E—05 , 3,33 662E— 10 ,— 5 A T 620E—02 , TOT A L
• I. 60669E—a5 ,— 2.2 9H57E— O l ,—I ’+3 777E—O4 , 1 . D 94O 3F_ O ~~,—~~.l56O 6E..O7 , TOT A L
• I . 6065PE—03 ,— ’s .011 98E--07 ,— 3. 150 6’4E—0 6 , 2 03 125 E—0 9 , ‘+ 92887E—O’ 4 , T O T A L
.— 1 .80 676E— 07 ,—I 12 022E—0 3 , 5 . 9 e 5 s 8 E~~o~~,—~~~9 O o o q E~~o6 , 5 1 650’4E—0 9 , T O T A L
•—1 . ’48 7 3T E—0 6 , ‘4 . 83 47 7E—I0 ,— T  ‘4¾3 79E—0 4 , 3 . 82 ’+72E— Ob , 7 ’4 1 7 3 7E—O’ , TOT A L
•— 1 3 1¾ 68E— 05 ,— I . 24 72 9E— O -4 , 1 . 92 930E—08 ,— 1 . 9176’-4E— 0’4 , — 5 303 7IE—08 , T O T A L
• I .38 1 86E—05 ,— 2 . 8 1 5 9’4E—0B , 7 ’463~~6E—O6 , 2.6~~UO’s E~~O 8 , 2. 950’4 9E—04 , TO TA L
•—1 .8 180 2E—OT ,—1 OO? 78E—03 . I . 9~~7’.2F—O 6 ,—I.I 6 ’42 SE— 0 5 , I . 1 7 5 5 6E—08 , T O T A L
•—2. ’460 79E—06 ,— 3 ¾ 5~~3 I E — I O , I ,0 2 40E—cS ,— 1 907 16E—O8 ,-.’. 00855E—05 , T O T A L
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• l. ’5818E— O7/
DAT A C B B C 1 ) ,I~~l ,64)/ 9 47753E—02 , 1. ’45 981E—04 , —1 82 933E .OO , TOTAL
• 5 5 4882E— 04 , 5.03 665E—0 3 ,—2 O7 698E—O 6 , 1 .1 O 959E— 01 ,—3. 45837E—O5 , T O T A L
•..&+ . 4rI t,7 5E..05 , 5 0 6 4 6 ’ i E — 0 7 ,— l 2 o i 1 2 E — o 3 , 3 . 6 4 9 I 1 E — 0 6 , I. H9 8 4 9 E — 0 1 , T O T A L
•—T . 4 4~~2 9 E — 0 5 , 2.~4 6382E—0N , 9. 65870E—0 7 ,— 9.5H881E— 04 , 2. 436 4TE—OT , T O T A L
• 3.06520E—O’s , 3 O7e 3 6E—07 , 6 48301E—03 , l.26 25 1E— 0 6 ,— 7 0 95’48E--O3 , TOT AL
•— 1 .5 55 -i G E— 0 5 , 3.0 6465E+0O ,—Z 84893E—0 5 , 4 95145E— O 3 , 3. 7I 921E— 06 , TOT AL
•—I .52002E—O 1 , 6 81988E— O 6 ,—B 55 68&E—0 5 ,—9 .012 30E—08 ,— 3 . TI~~58E—0” , TOTAL
• 1 .30476E—0 7 ,--1 .82 9T 1E—0I , 1 .5 1 3 90E—05 ,— 1 .459 12E—O4 ,— 2 .22 779E—0 7 , T O T A L

6.49278E—0 5 ,—3 . 72 758E—0 8 ,— I . 5 9932E—03 , 8 .O 492 1E— 06 , 5.3 80I 2E— O l , )OTAL
•—1 A 3 18 2E—O4 , l.5000 0E—O4 , 5.8 8020E—0 7 ,— 1 . 5 9000E—02 , 1 . 60744E—0 6 , T O T A L
• 3.l 7837E—OH , 1. 78959E—07 ,—8 . 9379’4E-03 , 6 .375 49E—06 , 1 .2T 887E-03 , T O T A L
•—2 45878E—07 ,— l .93210E—0 1 , 6 .9l233E— 0 6 ,—2 .8O 637E—O4 ,—2~~~7O7 3E— O7 , T O T A L
• 5.783~43E—O5 , 4 .5212 8E—I O , 1.8 962IE—O4 ,—’4.8~4 91IE— C 8 ,—1. 5 0O 58E—O2 , T O T A L
• 6.217T2E—06/
DATA (CC C I ) , I=l ,~4~4 )/— I ,88I 77E—o2 ,— I 92493E—o6 ,— 2 .s9o6 4E— O 1 , TOT A L

•_8. 49~+3 9E~~O5 ,_*+ . 1638OE~~04,~~s4 52R 98E_ O8 , 1. 61086E— 03 , 3 18728E—O7 , T O T A L
• i .29159E—06 , 5.5225 9E—I0 , 3. 95543E—05 , 5 .612 09E—0 8 , 1 3828 7E—0 3 , TOT A L
• 5. 74237E—0 7 , 1,86489E—0 6 , 7 . 1 O 1 T 5 E — 1 O , I . 45243E—07 ,—2. 97 5 91E --1 O , TOTAL
•—2 H3 029E—03 ,—6. T 0000E—07 ,— 2. 30624E—02 , — 6.22 1 93E—O 6 ,—2. 40815E—05 , TOT A L
• 2.016 89E—O8 , 1 . 7 672 1 E—O H , 3 78689E—08 , 9.88496E—06 , T 3 3 820E—09 , T O T A L
• 7 .32126E—05 , 8.439e6E—08 , 8 82449E—06 ,— 6.11 7O 8E—08 , L7 8881E— O4 , T O T A L
• 8.62589E—0 7 , 3. ’4372~4E— O 6, 2 . 5 3 7 8 3 E — 0 9 ,— 2 . 0 4 2 3 9 E — O T , 8.1 6 641E— I0 , TOT A L
• 1 68075E— 05 , 7 6 2 815E—09 , 2 2 6026E~~O24 , 3.663~~IE—O 8, 3. 44637E—O7 , T O T A L
• 2.2553 1E—lO /
DATA C D D ( I ),I=I ,44)/ 2 5O14 3E— O 3 , 1 .01 2 00E—O 6 , 3.23821E+0O , T O T A L
• I O85 89E—0 5 ,—3.3 91 99E—O5 ,— 5.2 7052E—OT ,— 9 .46161E—0 2 ,— I . 95413E—09 , T O T A L
•— 4 23 614E— O 6 , 1 .~431 53E— O 8,-.2 .6?941~~—0 H , I .05138E— 07 ,—2. 15 784E—O1 , T O T A L
•—2.2OT 1TE .-OT ,—2 656 87E—0 5 , l. 2 6370E—O8 , 5 8 8 9 1T E — O 7 ,— 1 . I~~658E— 08 , T O T A L
• 1 .64385E—03 , I . 44 4263E—06 ,---l .66045E—Ot ,--1 .46096E—0 5 , 1.22 81 IE— O 4, T O T A L
• 3.43922E~-O8 , 9 . 6 6 7 6 0 E — 0 5 , — 6 . 3 2 1 5 0 E — 0 7 , —4 . 9 74 0 0 E — 0 5 , — 2 7 8 5 7 8 E — O 8 , T O T A L
• I . 77366E—02 , 2 .O5 4O1E— O7 ,—1 . 9I756E—O 3 ,— 9 .49392E--O7 ,— i. 9 9~488E—O I , T O T A L
•—2.OTIT OE—0 6,— 5 .40443E—0 5 , l.5 9289E—08 , 7.30 91HE—O5 , 3.38 786E—0 8 , T O T A L
•—1.5 9537E—04 ,— 1 . 6550’XE—OT , I. 90940E—O2 , 2.0323 8E— O 6, l .O I I L 4 8 E ~~O~4 , T O T A L
• 5 20815E—OB/
DATA (EE (1), 1=I ,6N )/— 2 . 77924E+O1 ,— 1 0145 7E—03 , 9.21 436E—02 , TOTAL

•—8 . 52 1 7 T E — O 6 , 5 1 9 1 0 6E — O 1 , 8 . 2 8 8 8 1 E — 0 5 ,— 5 .5 9 6 5 1 E — O 9 , 1 .I & 7 3 6E — 0 7 , T O T A L
•—2. 1I2 0 6E—03 , -5.35~469E—O7 , 4. 41 99 0E—OI ,— 1 . 33 679E—O 5 ,—T .18642E— O 4 , T O T A L
• 6. 17358E—0 8 ,—3.5 1 990E— 03 ,— 5 ,2 9070E—OT , 1 .8~~’4~*3E— O 6 ,—6 .60696E—10 , T O T A L
•—1.3 N708E— 03 , 1 02 1 6OE—O7 , I .582 1 9E’-06 , 2 .O5O H O E— I O , I .1803 9E4-OO , TOTAL
• I.58903E—0 4, 1. 8 6944E—02 ,—4 .464T7E--06 , 5.’49869E—0 2 , ~ .94690E—O6 , TOTAL
•— l.1 8335E—0’+ , 6.95684E—09 ,— 2. 73839E—O4 ,—9 17883E— 08 , 2. T 912 &E—0 2 , T O T A L
•— I . 02567E—05 ,—1 .25 427E—04 , 3.071 43E—OB .—5. 318 2 6E— 0 ¾ ,—2. 98’476E—0 8 , T O T A L
•—4 .89899E—05 , ~4 .9l’s8OE—O8 , 3 .855 63 E—O i , 1L1 69&6E—05 , 6 74744E—04 , TOTAL
•—2.O873 6E—07 ,— 3. 42654E—0 3 , — 3 . 1 3 957E--06 ,—6 .313 61E—O 6 ,— 2. 92 98IE— 09 , TOTAL
•—2. 63883E—O3 ,— l . ~~2235E—07 ,— 6 .l9’ 4O6E—06 , 3 .5¾ 33~4E— O 9, 6.65986E—03 , T O T A L
•—5 .81 9’49E—06 ,—I .8&809E—0 4 , 3. 62O55E—O 8 ,— 4 64380E— 04 ,—2 . 21 1 5 9E—O7 , TOTAL
— I . 77496E—04, 4.95560E—O8 ,—LIBB 6TE—0’4 ,—3 17 697E—0 T ,— 1 05815E—0 5 , TOTAL

• 2 .22220E— 0 9/
D A T A  FF (I ) ,I= 1 ,6 4)/— 5 .O 7 0 92E .O O , £t . T 1 9 6 O E~~03 ,_ 2 T 9 8 5 IE_ 0 3 , T O T A L

4 •— 3 . 6 7 3 0 9 E —O 6 ,— 6 O 2 4 3 9E — O i , 1 . 0 8 H 9 0 E — O ’ 4  5 .09287E—04 , S .62210E— 07 , TOTAL
• T .O57I8E—02 , 5. 1 3 1 6OE-06 ,— 2. 855T1E+0O ,—4 .31T28E--0 5 , 1 .0 3 1 8 5 E — 0 3 , T O T A L
• 1 .O5332E—07 , I . Oh 4I0 6E_ 02 , I. 6O7L49E~~(5 , 4 180 3 1E—0 5 , 3 .327~~9E—O 8 , T O T A L
• I. 2 0 I 1 3 E — 0 1 , l. 4O486E—05 ,— 3.37993E— 05 , 5A83 4OE—O- ~, 9 .108 1 5 E—0 2 , TOT A L
•- ‘s . O O 6 O 8 E— 0 ’ 4 , 3. 753 93E— O 3 ,-.’4 .6 9939E—07 ,—2 . ’485 61E-02 , I .3 1 -~ 36E— O 4 , T O T A L
•—2. 67T5 5E—OH ,—T .60285E—O8 , 3. O4443E—0 3 , .-3 28~~5 6E—O6 , 5 823 67E— O 1 , TOTAL

• • 5.39496E— 06 ,— 6 .15 2 6IE—O4 , ‘l .05316E—0 8 , 1 . 135’~6E-O2 ,—’4 .26~493E—0 6 , TOT AL
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• — 2 . T 2 0 0 T E — 0 2 , 5 7 ~~5 2 3 E — 0 8 ,— 2 . 9 8 5 T 6 E + o o , 3 0 7 3 2 5 E — 0 5 , I . 5 1 6 4 5 E — 0 3 , T O T A L
• L25098E—06 , 9.072I 3E— O 2 , I .05 96’4E—O5 , I 0 4232E—O 4 , 1. T T 3 81 E—0 8, T O T A L
• 1 . 92 781 E— O I , 2 15734E—O 5 ,— 1 . (~5741E—O 5 ,— I B8 683E—0 9, 2 . 49803E—Ol , TOT A L
• I. 5)31 6E— D5 ,— 3 .01157E—04 , 8. 47006E—0 8 , 1.8 697IE—0 2 ,—b . 9HOTHE—06 , T O T A L
• 9 .131 9t3E-.03,—Z .3 8052E—07 , 1 .28552E—01 , 6.925 95E—06 ,—8 36792E—0 5 , T O T A L
‘—6 . IOO 2 IE—0 8 1

J DATA T!LTL/99./
-~ C

Xz XX (1 )
4 Y=XX (2 )

Z=XX (3 )
Y2 Y’’2
Z2 ~~Z ’ ’2
R 2 = X ~~~2+Y 2+Z 2
B X = O .

BY=0 .

81=0.
C TEST FOR LOCATION OF INPUT PO SI TION
C IF THE L O C A T I O N  IS O U T S I D E  T HE R E G I O N  OF S E R I E S  C O N V E R G E N C E  SET
C THE MAGNE T IC FIELD TO ZERO AND PRINT AN ERROR MESSA GE

CON= I .
I F (R2 .GT.225. ) GO TO 50
IF (R 2.LT .’4 . )GO TO 40

C TAPER THE FIELD LINEARLY TO ZERO IF INSIDE A 2.5.
IF ( R2 LT.6 .25 ) CON=CON~~(R2—’ ~~O )/2.25
IF (TILTL. EQ .TILT)GO TO S
T I I T L T I L T

C IF THE TILT HAS CHANGED UPDATE THE COEFFICIENTS.
T T ( 1 ) 1
TT( 2 ) TILTL
77 (3 )=Tl L TL ~~’2
TT( 4 )=TILT .TT ( 3)
DO 1 1= 1 , 32
J (  1—i )‘2.1
K ITA ( 1 )
AC I )= A A ( J )‘TT( K )+AA( .H- l )~~TT C K42 )

BC I )~~BB ( .1 )*TTC K )+BB ( i+l )~ TT ( ((42 )
1 7 C C  1 )

I ) EE( .1 ).TT( K )+EE ( .1+1 )‘TT( ((+2
Fl I )=FF( J )•TT( K )+FF( J. I  )~~T T (  ((+2 1
DO 2 1 I ,22
i = (  1—1 )‘2+ 1
K :ITB ( 1 )
C( I )=CC ( J ‘TT( K )+CC ( J -’- t )~~TT ( ((+2)

2 D II )~~DO ( J 
)~~T T ( K ) +D D (  J -s. 1 ) ‘T T (  ( ( + 2 )

C CALCULATED THE FIELD FROM THE P O L Y N O M I A L  E X P A N S I O N
6 EX PR= EX P (— O. 0 6 ’R 2 1

1 1 = 1
J J = I
((((=1
X 8=I .
00 30 1~~1 , 5
V E X  B =X B

DO 20 J = I ,3

~~F( I.2’J .GT . B )  GO TO 30

iF VEX 8= VEXB
IJ K=I .2 ’J ’l
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11=0 -

10 BZzBZ+ ( El 1111 )+F( ((K )•EXPR ) ‘ZEYEX B
( ( ( (= 1 1 1 1+)

-
- ‘ BX=BX +( AC II l i - B C II ) ‘EX PR ) ‘ZEYEXB

1 1 = 1 1 + 1
- I F C I J K  .GT . 8) GO TO 20

BV=BVi- ( C( U li-DC JJ )‘EXPR )‘ZEYEXB’Y
J J = J J + l

15 ZE YExB= ZEYEXB ’Z
-r I J K = I J K + 1

I F C I J K . L E .9. AN O. K.LE .4) GO TO tO
20 YEXB VEXB *Y2
30 X B = X B i - X

‘40 BF ( ~ )=BX i-CON
BF( 2 1= BY i-C ON
BF (3 )=BZ’CON -

R E T U R N
C ERROR EXIT
50 WRITE (6 ,60) XX
60 FOR IIAT (’4H X= ,E10 .3 ,4H Y= ,E10 .3 ,44 Z= ,ElO. 3 ,16H IS OUTSIDE THE

•V A LID REGION — —POWER SERIES DIVERGES BF IEL I3 IS SET TO ZERO
GO TO 40
END

F ,

t2 -

-— -5 - .5 - .5 -5 -5- -  ~~—-—-.- -— -5—-— - -  .5 67
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SUBROUTINE SP NRCM
C SPHRCM IS A MODIFIED VERSI ON OF J.C. CA I N IS 14 TERM FAST 5PHRC
C R O U T I N E .
C IT HAS BEEN SHORTENED TO 10 TERMS.

- - 1 C IT HAS A TRUNCATION FOR LARGE R — THE TRUNCATION BETWEEN TERMS
C IS SMOOTH.
C IT IS SELF CONTAINED AND SET UP TO USE GAU SS N O R M A L I Z E D  COE FFICIENTS.
C -

-
- C THE 165 75 GAUSS NORMALIZED COEFFIC IN T S THRU N 1 0  ARE INCLUDE D t~ITH

C THIS DECK (BARR ACLOUGH ,ET AL J . G E O P Y . RES ., 645 (I9’5 ).
C THEY ARE V A L I D  FROM 1945. TO 1 975. THEY MA Y BE USED FOR LATER PERIODS
C WITH CAUTION (I.E. THEY HAVE NOT BEEN V E R I F I E D )
C ARGU MENT T R A S M I T I O N  IS V I A  COMMON .
C IN PUT PARAMETER S
C YEAR IS THE YEAR , IF YEAR CHANGES THE COEFFICIENTS ARE UPDATED .
C ST SINE OF THE G E O G R A P H I C  CO—L ATIT UDE .
C CT CO SINE OF THE GEOG RA P HIC C O—L ATITUDE .
C SP H SINE OF THE G E O G R A P H I C  LONGITUDE.
C CPH CO SINE O F THE G E O G R A P H I C  LONG ITUDE .
C AOR 6371.2/R , WHERE R IS THE GEOCENTRIC DISTANCE IN KM FROM THE
C CENTER OF THE EARTH .
C N(~1A X M A X I M U M  NUMBER OF TERMS TO SE USED (MUST BE LESS OR EQUAL
C TO 10) . THIS ROUTINE PRESETS IT TO 10
C OU TPUT PA RAM ETERS
C BA R A D I A L  COMPONENT OF FIELD IN GA USS.
C ST T H E T A  C O M P O N E N T  ~SOUTH POINTI N G ) CO MPONENT .
C BP PHI COMPONENT (EAST I

DI MENSION 6 (10 ,10 ),CONST ( 10 , 10 ),Ff1( 10 > ,FN( 10)
DI MENSION GO ( 10 ,10 ), GIl 10 , 10 ) , GTT ( 10 ,10)
COM MON! B X Y Z  C M / V  E A R  , DA Y VA , UT , X M L G , ((0 DE , JS U, I N I T L , X M L T
CO MMON /GCOM / ST ,CT ,S P H ,CPH ,A O R ,BT ,BP ,BR ,Nt’TAX 1—00005
DI MENSION CON A (l O )
DAT A YRLAST , I F , T L ,TZERO , NMAX /— 123’ 4 5 - ,19 45 ,1975. , 19 75., 10/
DATA IFIRS T /0 /
DATA CONA /O : , 12.0 ,6.5 • 4.5 ,3.5 ,2.9,2 . 6 ,2. 3,2. 1 , 2. 0 /

C COEFFICIENTS FO R BASE YEAR (1975 . 1
DATA GO /0- , 30103 . 6 ,2860.05 ,—3I9 5 .5 ,—’4 1 42.69 , 17 3 7 .23 ,— 636.69 ,—1 91 7
‘.09,—55 3. 01 ,—8 83.14 ,—5 682 .6 ,20I6 .5 ,— 5 2 1 3 . 3 ,&558 Sl ,—’4 385 68 ,—3572.
•5¾ ,-13 2 1 .33 , 1890 . 53 ,-3’4l 86 ,-I27’4 .0 3 ,3 5 7 6 .17 ,5O .32 ,— I41 4 .22 ,-2 429 .
• T 2 ,— 1 7 3 6 .64 ,-2015 83 ,— ’4I 3 . 96 ,-.66.61 , 145. B I ,— 1 73 .84 ,I009 8,-5I 4.91 ,
‘179 .’46,— 656 .96 ,844 .82 ,30C.2 6,1935.78 ,— 27 4 .41 ,52I.8 9,9’46. ,—1 070 .21 ,1
• .08 ,-1140. 49 ,759 . l i , I85 .03 ,--6’4. 75 ,28.2 ,—8.84 ,— 19 . 76 ,I. ’48,-20.21 ,
‘2 11  7 1 ,— 1 5 0 0 . 4 ,— 7 7 3 . I 1 ,2 I 9 .9 1 , 1 8 . 3 8 ,— 1 0 4 8 ,7 3 .O I ,—’4 1 . 1 7 , 1 6 . ’48 ,3. ’+8

‘ , 2 7 16 . 97 , 7 1 5 ~~~~~3 , 9 2 . I 5 , — 8 6
~~~

4 ’+ , — I 5 1 . 2 7 , 52 . 8 , 8 . 35 , 3 . 82 , — 3 O . 8 3 , — 4 . 5 2 , —

328 45 ,779 54 , - 2 ( t 1 ,’48I.25 ,—34 .53 ,— 99 . 55 ,2 T .83 , 1O. ’47 ,—3 .07 ,—1 .2 9 ,
‘2’4 97 . I 1 , — 1 T 0 5 . 8 I , — ’406 .62 , i7¾ . 76 , 1 41 .5 ,—1 68 . 76 ,— 9I . 91 , .52 ,— .I8 ,— .3/

C FIRS T Titl E D E R I V A T I V E S  OF THE COEFF ICIENTS
DATA GT fO . ,—2 6 .82 , 37 .5E ,9 . ’43,3.85 ,--I .58 ,—9 .38 , I O . 1 9 ,— 22. 12 ,0., l 0 .

*I .~~10 . ,
_ .45 ,32.03 ,I2.2 3 , 1O.3 7 , _ 1 7 .58 ,6. 7’4,_ 2 l . L c ,O. ,&..88 , 16 .37 ,_M .

•75 , 9 .12 , l 5 .T3 , — 9 .9I ,—3’4.82 , 14~~7T ,2.2’4 ,0., —22, O i , — 5 . ¾~- , 5 O~’ ,3 7 2 ,’$.
.q3 ,9 8 9 ,—35 .2 7,—5.32 , — I 7 .4,O , —29 . 7 T ,—2 . 66 ,— 5 . 3 ~~, .5 ,3.~~9 , I 35 ,— .O5
•,—1 O ,3T ,6.I5 ,0. ,—~~.35 ,— 2O.~~7 , I2 .52 ,—2 . 97 ,— .79 , — .91 , —1 P8 , —3. ’46 ,5. 4
•9,O . ,6.2’4 ,3.2 9,— 2 .?Q ,8.5I , —~~~l ,—I .34 , 2 7 , — 1 . I 6 , — 4 2 b ,0. , 4 3 . ? T , 5 . 79
•,— 1 .02 ,— 3 .83 , 3.8 9, . I , — . 78 , .49 , .68 ,0., 12 .07 , 19 .07 , 12 O I , B. 5b , —T .27 ,
•3.93 , I ’ f ,— .3 1 , .Ol ,O. , O . , O . ,0. , 0., O. , 0 , O . , O , O.~~O . I

C SECOND TIM E D E R i V A T IV E S  P~ T HE CO E F F IC IEN T S



-
~~~

D A T A  G T T / 0 . ,- .35 , . I5 , . 35 ,0 . , . 5 1 ,- .51 ,0 . ,O . ,0 . , .25 ,O . , 0 . ,0. ,. 4T , . 11
•,— .38 ,O. ,0 . ,0 . ,— .59 ,0., -- . 07 ,.3I ,0., .59 ,— . 9 ,0.,0.,0 .,— .2 ,0 . ,0 . ,0 .,.
•15 ,.2’4 ,— .55 ,0 . , 0 . ,O . ,— .83 ,0.,0 . , — .06 , .0 6 ,0 . ,0., 0.,0., 0., .Tl ,— .38 ,0
•. ,0.  ,— .04 ,O .,— . 1 ,0.  ,0 ., 0 . , O .,0., .5 ,0 . , O .  ,0.  ,O . , 0. ,0. ,0. ,0. ,0.  , O. ,O

.5
- • . ,O .  ,0 . , 0 .  , 0 .  ,0.  ,0.  ,0 . , 0.  ,O ., 0 . ,0. ,0 . , 0.,0.,O., 0 . , 0. ,0. ,0. ,O. ,O . , 0

3 . ,0. .0. ,0. ,0 . I

C SET UP INI T I A L  CONSTANTS DURING FIRST CALL
I F ( I F I R S I . N E . 0 )  GO 70 199
IFIR ST :I -
F M( 1 1:0

E. 1 00 6 N=2 ,I 0
Ff1(N )=N—t
FN(N):N
DO 6 M=I ,N -

6 CONST ( P4,(’l ) :FLOAT ( C N— 2 )“2—C M — 1 )‘‘2 )/FLOAT ( ( 2 ’N—3 )‘C 2’N—5 ) )
C SET U P THE C O E F F I C I E N T S
C IF YE AR HA 5 C H A N G E D  BY MORE THAN .1 YE AR U PDATE THE CO E F F I C I N T S .
199 I F (AB5C Y R LA ST — YEA R ).LT .O .1 I GO TO 230 -

I F (Y E A R .GE. TF .AN D .Y E A R .LE . TL )  GO TO 210
W R I T E ( 6 ,200) YEAR

200 FOR MAT( IO H O ’’WARN ING ,F T . 1 ,23H IS O U T S I D E  T I M E  L I M I T S )
210 T= Y E A R — T Z E R O

DO 220 N:1 ,N M AX
DO 220 M:1 ,NIIAX

220 G( N , M 1:601 N, M ).T~~( GT( N, M )+T’GTT( N, MI)
Y R L A S T = Y E A R

C
230 A R = A 0 R ’ A Q R 3 A O R  -

A R = A O R ’A O R ’A O R  1—0000 6
C2=G l 2,2 )•CPH.GC 1 ,2 )~~5PH 1— 00007
B f l = — ( A R . AR )’(G (2 ,1 ).CT÷C23ST ) 1— 00008
B T = A A . ( C 2 . C T — G ( 2 , l ) ‘ S T )  1— 0 0 0 0 9
B P = A R . C G C 1 ,2 ).C PH—G (2 ,2)~~SPH) 1—0 001 0
IF  ( NMAX .L E . 2)  RETURN 1 - 0 0 0 ( 1
R=I . / A O R
IF (R .GT. CON A (2 )) RETURN
CO N= 0.
SP 2 SPH 1—000 12
CP2 CPH 1—00013
P2 I CT I— 000Iq
P22=ST 1—00 015
D P2 )=—ST 

- 
1—0 001 6

0P22= CT 1— 0 0 0 1 7
N=3
SP3 (SP2 i-SP2 )‘CP2 1—000 1 9
CP3= (C P2f SP 2 ) ’ (CP2— SP2 ) 1—00 020
P3 1= C T ’P2 1—CON ST ( 3 ,1 )  1—0002 1
P32 :CTi-P22 1—00022
P33=ST ’P22 . 1—00023
D P 3 1 = — P 3 2 — P 3 2  l—0002M -

D P 32= CT sD~~22— P3 3 1— 00025
0P3 3=—DP 3I 1— 0002 6

- C2=G ( 3 ,2 )‘CP2-.-G ( 1 ,3 )‘SP2 1—00027
C3=G ( 3 ,3 ) ‘CP3+G ( 2 ,3 )•5P3 1— 00028
A R = A O R ~~AR 1— 00029

.4 X R=BR ~~FN ( 3 )‘ARs( 0(3 ,1 )~~P3I’C2 ’P32 .C3 ’P33 I - 1—00 030
X T = B T + A A . (G C 3 ,3 ) .0P31+C2 ’0 P32 .C3 ’0P33 ) 1— 0003 1

- - - —-- --— 
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X P = B P — A R .  FM ( 2 ).( 6 ( 3 , 2 ) ‘ S P 2 — G (  1 ,3 )‘CP2 ).P21 .FM ( 3 l i-C G( 3 ,3 )i -5 P 3— G ( 2 ,1—00032
.3 ) .C P3 ) . p 2 2 )  

- 1— 00033
B P = B P• S T  - 

1— 0 0 0 3 5
X P = X P ’ S T  1 — 0 0 0 3 5
I F ( N M A X .L E .3) GO TO 21
IF (R. GT . C ON A (3 ) )  GO TO 20

SP 4=S PH ~~CP3.CPH35P3 1—00037
CP4=CPH’CP3—5 PH’SP3 1—00038
P 4 1 = C T i - P 3 I — C O N S T (  4 ,1 )‘P21 1—0003 9
DP 41=CT .DP31—ST’P3I—CONST (4 ,1 ).0P21 1—000 40

— - P42 C T i - P 3 2 — C O N S T ( ’ I , 2 ) i - P 2 2  I 0 0 04 1
DP 4 2= CT i -O P 3 2_ ST i - P32 _ CO N ST (z +,2) ,DP22 

- 1—000 42
P43=CT’P33 1—00043

: DP 43 CT i -0P 33—S T4P33 1—00044
P4 ’4=ST ’P33 1—000 45
DP 4’s=FM( ’4)i-P43 1—00046
C2=G C’4 ,2 ) ’CP2÷G (1 ,’4).SP2 1—00047
C3 G( ’4 , 3 )‘CP3+G (2 ,~4 ) i - S P 3  

- 
1 — 0 0 0 4 8

C4=G( 4,4 )•CP¾÷G (3 ,~t )i-5P4 1—00049
A R = A O R i -A R  1—00050
BR=XR— FN ( 4)i-AR .(G( ’4,1 )i-P 414C2i-P42i-C3i-P43.C’$i-P4’$) 1—00051
B T=X T +AR i - (GC ’ 4,1 )4DP’41.C2.DP’42.C3’OP’43.C’4i-DP44) 1—000 52
B P = X P — A R ’ (  FM( 2 )•( 61 ‘s , 2 )‘SP�—G( 1 ,4 )‘CP2 )4P’424FM( 3 l i - C  6 (4 , 3 ) i - S P 3 — G (  2 . 1 — 0 0 0 5 3

•14 ) ‘C P3 ).P’s3+FI4 1C 4 ) i - C  6 ( 4 ,4 )‘S P 4 — G (  3 ,4 )‘CP4 ) ‘P44 1 1 — 3 0 0 5 4
IF(NIIAX . L E .4 I GO TO it
IF(R.GT. CONA (4)) GD TO 10 -

N=5
SP5 ( S P 3 + S P 3 ) C P 3  1 0005 T
C P 5 = C  C P 3 + S P 3  l i -C C P 3 — S P 3  ) . 1 — 0 0 0 5 8
P51 CTi-P’41—CONST (5 ,1 )i-P31 1— 00059
DP5I=CT i-OP41—ST i-P41—CON ST (5,1)’DP3I 1— 00060
P52 CT*P 42— CON ST (5 ,2 )i-P32 1—000 61
0P52= C i-D P 42— ST ’P ’42— CON S T (5,2)’DP32 1—00062
P5 3~~CTi -P ’43—C 0NSI (5 ,3)’P33 1—000 63
D P53 = CT i -D P4 3— S T i - P 4 3— C O N S T (5 ,3 )i -D P33 1—0006 4
P5’4 CTi- P’ $ 4 1— 0 0 0 6 5
0P5 4 = C T i - 0 P 4 ’ 4 — S T 4 P 4 ’ f  1 — 0 0 0 6 6
P5 5= S T . P4 ’ t  1 — 0 0 0 6 7

- -  J D P55 :FM ( 5 ).P54 
- 1—00068

C2= G (5 ,2 ) .CP2+G (1 ,5 )‘SP2 1— 00069
C3 G (5 ,3 )SCP3 + G (2 ,5 )’5P3 1—00070
C 4 G (5 ,4 ) •C P4 +GC3 ..5 )i-SP’4 1— 000 7 1
C 5 = G C 5 ,5 ) ‘CP5+G ( 4,5 )‘SP5 1—00072

‘9 AR =A OR ’A R 1— 00073
X A = 8 R ~.FN C 5 ) i - A A i - C G ( 5,l )i -P5 1i-C2 ’P52+C 3’ P53+C4 ’P5 ’4+C5 i-P55 ) 1—00074
X T = B T + A R i - (G (5,I )3DP51 .C~.”DP 52 4C 3 OP53 .C’t OP54 C 5 3D P 5 5 )  1—0007 5
X P = B P — A R’ ( FPI C 2 l i - C  6 ( 5 ,2 ) ‘SP2— GC 1 ,5 ).CP2 )‘P52 .Frl( 3 i- GC 5 , 3 ) i -S P 3 — G (  2 , 1 —0 0 0 7 6

.5 ) ‘ C P3  )i-P53.Fll( 4 l i - C 615 ,4 )i-SP4—G ( 3,5 )i-CP’4 )‘P5’4.FM( 5 ) i - (  615 ,5 )i -5 P5— G t 1—0007 1
i -4 , 5 ) i - C P 5  ) i - p 5 5  I 1 — 0 0 0 7 8
I F ( N M A X .L E . 5)  GO TO 21
Z F ( R . G T . CONA ( 5  I)  GO 10 20
N:6
5P 6=SPH .CP5 .CPHi -SP5 1—0008 1

- 4  C P 6 = C P H . C P 5 — S P P 4 i - S P S  1— 0 0 0 8 2
P 6L C T .P 5 1 — C O N S T (6 , 1 ) P 4 l  1—00083
DP 6 I = C T i - D P 5 I — S T • P 5 I — C O N S T ( 6 , I ) i -OP4 I  I 0 0 0 8 4

- ——-- .5-- - - — ---~~~~- —-— 
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PB 2 CT .P52—CO NST ( 6 ,2 )i-P 42 1—00085
0P62 = C T i - 0 P52—ST i - P52—CON ST(6,2 )i-DP 42 1—00086

• PB 3 CT ’P53—CON ST (6 ,3 )i -P ’13 1—00087
DP 63 :C T i -D P5 3— ST i -P 5 3— CONST ( 6,3 )i-DP 43 1—00088
P64 CTi-P5’4—CONST (6,’4 )•P44 1—00089
DP 64=CT .DP54—STi-P5’4—CONST (6,’4 )‘DPR4 1—00090
P 65:CT •P55 - 1—00091
OP 65 CT ’DP55— ST ’P55 - 1—00092
P 6 6 = S T i - P5 5  1— 0 0 0 9 3
DP 66=FM (6)’P65 1— 00094
C2 GC 6,2 )i-CP2 .GC 1 ,6 )i-SP2 1—00095
C3=G ( 6 ,3)’CP3+G (2 ,6)i -SP 3 . 1—00096
C4=G (6 ,9).CP 4.G (3 ,6)’SP4 1—00097
C5=G (6 ,5 )i-CP5+G (4,6 ‘S~’~. 1—00098
C6=6 (6 ,6 )‘CP6+G (5 ,6 )i-5P 6 1—00099
A R = AOR i -A R 1—00100
BR=X R— FN C 6 )i-A R*( G (6,1 )i-P61.C2i-P62+C3i-P63+C4’P64+C5’P65+C6’P66 ) 1— 00101
BT =XT 4A R i-C G (6,1)’D P6I+C2 ’DP62+C3i-DP 634CHi-DP64.C5i-DP65+C6i-DPB6) 1 — 0 0 1 0 2
BP=XP —AR i- ( FIll 2 l i - C  G( 6,2 )i-5P2—G ( 1 ,6 )‘CP2 )‘P62-s- Ftl( 3 ) i - (  6 ( 6 ,3 ).SP3—G ( 2,1—00 103

+6 ).CP3 )‘P63.FM(4 1.1 6(6,4 )‘SP4—G( 3,6 )i-CP4 )sP64÷FM ( 5 li - C 6(6,5 ) i -5 P 5— G (  I — O 0 I 0 ~
.4,6 )i-CP5 )i-P 65+FM ( 6 l i - C G ( 6,6 )i-5P6—G( 5,6 )i-CPo )i-P66 ) 1—00105

1 F(NMAX .LE.6) GO TO 11
IF (R.GT .CONA (6)) GO TO 10
N:?
5P7 (SP’+.SP’+)i-CP4 1— 00108
CP7= ( CP’f+SP4 ).( C P’- i— 5 P4 1 1 — 0 0  109
P71 CT i-P61—CON ST (7 ,l )i- P51 1—00 110
0P71=CT i-DP61— S T i - P6 1—CON S T I7,1 )i-DPS1 1— 00111
P72 CTi-P62—CONST (T ,2 )i-P52 1—00112
DP 72=CT i-0 P62— ST i- P 62—C ON STC T,2)i-DP52 1— 00 11 3
PT3=CTi-P63—CONST ( 7,3 )i-P53 1—00 11 4
0P73=CT’DP63—ST .P63—CONST (7,3).DP53 1—001 )5
PT’4=CTi-P 6’4—C ONST (7,4)3P54+ 1— 00116
DP7 4=CTi-DP64—ST ’P6’4—CON ST (7,4)’DP54 1—00111
P75 CTi-P65—CONST( 7 , 5 ) • p 5 5  1— 0 0 1 1 8
DPT5 :CTi-0P65_ STi-P65_CONST ( 7,5 )i-~~p55 1-00119
P76=CTsP66 1— 00120
DP76=CT’0P66—ST ’P66 1— 00 12 1
P 17= ST i -P 66 1 00122
DP77=FMC7 )i-p T6 1—00 )23
C2=G (T ,2 )’CP2+G( 1 ,7 )’5P2 1—0012 4
C 3 = G C T ,3 )i -CP3 4G( 2,7 )i-5P3 1— 00125
C4=G ( 7 , ‘4 )‘CP4+G( 3,7 )i-5P9 1—00126
C5=G ( 7,5 )‘CPS-s-G (-4 , 7 )i-5p~ )—0012T - -

C6:G (7,6)i-CP6.s
~
G (5 ,7).SP6 1— 00 )28

CT = G CT ,T)’CPT+G e ,7 ).SPT 1—00 129
A R : A O R i - A R  1— 00 130
XR= BR— FN CT)i -A R 3 (G (7,1 )i-P71 .i.C2i-P72+C3i-P73+C4i-P74+C5i-P75,C63PTB .C7i-P1—00131

.7 7)  1 — 0 0 1 3 2
XT=BT.AR 4(G (T ,I )i-DP71+C2i-DPT2+C3 .DPT34C4i-0P74,C5 .0P75+C6i-DF76÷C1i-DI—00133

i - PT ? ) 1—00 1 3 4
XP :BP—AR i- ( FM C 2 ) i - (  6(7,2 )‘SP2—G i 1 ,7 )‘CP2 )‘P72+F 11( 3 l i - f  6(7 ,3 )‘5P3— G ( 2; 1—0 0135

.7 li- C Pa )‘P73-..FM( ‘ 4 ) 3 1  G( 7,4 )i-SP4—G ( 3, 7 )‘CP4 )i-P 74,F 11(5 )‘(  G( 7 ,5 ! 4 S P S _ G (  1 — 0 0 ) 3 6
,l4 ,7 )‘CP5 l’P75.Ftl ( 6 ) i - (  G( 7,6 )‘SPb—GC 5,7 )i-CP& )i-P76.FM ( 7 ) i - ’ 6(7,7 )i - SPT —1— 0 01 3 1
.G ( 6 ,7 ) ’ C P T ) i - P T l )  1— 0 0 1 3 8

-;  I F (N M A K . L E , T l  GO TO 2!
- 

- f I Fl P . G T . CONA ( 7 1) GO 10 20 
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N=8
5P8 :SPHi-CP7+CPHi-SP7 1—00 141

- - CPB= CPH i-C P7— SPH i-S PT - 1 -00 142
P81 CT i-P71—CONST ( 8,) )i-P61 1— 00 )43
OPS1 =CT i - DP TI_ S T i - P 71_ CO NS T B ,)li -O p BI
P82:CT3PT2_CONST (8,2)i-P&2 1—00 1 45
0P82=CT .DP72—ST3PT2-CONST (8 ,2 )i-Dp62 1—00146
P83=CTi-P73—CONST (8,3 i-P63 1— 00 1 47
DP83=CT i-0P73— ST .PT3—CON STI$ ,3l3Dp 63 1—00 1 48
PB4=CT i-P 7’4—CONSTC8 ,4 ).p64 1—00 149
DPB 4=CT3DP7~i_ S Ti - PT 4~~CONST 8,’* i-DP6q 1—00 150

- - P85= C Ti-P7 5—CON S fl8,5).p65 1— 00 )51
DP85=CI3DP75—ST3 .’75—CONST 8,5>3DP65 1—00152
P86=CT .P76—CONST (8 ,6 )i-P66 1— 00153
DP86=CTi-DP76—S Ti-P76—CONST (8,6 li-Dpbô 1— 0015 4
P87=CT .P77 1—00 155
DP8I=CTi-DPTT— 5T .p77 1—00 156
P88:STi-P77 1—00157
DP8B=Fr’u8)i-P97 1—00158
C2=G (8 ,2 )i-CP2+G( 1 ,8 )i-SP2 1—00159
C3=G (8 ,31.CP3+G 2,8 )i-SP3 1—00 160
C4=Gt~8,4 )i-CPH+G ( 3,8 )i -5p 14 1 — 0 0 1 6 1
C5=G (8 ,5 i-CPS+G 4,81i-sp 5 1—00162
CBZG (8 ,6 )i-CP6+G (5 ,8 )i-SP6 1—00163
CT=G (8 ,T li-CPT+G (6,8 ).SPT - 1— 00 164
C8ZG (8,8 ).CP8+G (1 ,8 )3SP8 1—00 )65
AR AOR 3AR 1-00166
B R = X R — F N C 8 ) 3 A R i - C G (8,1 )i -P81+ C 2*p82+C 3i-p 83+C 4i -p 84+C5 .p85 .C 6 .pBe +CT .P1—0016 T

+$ 7+C $i-P88 ) 1—00 16 8
BT=XT +AR i- ( GC 8,1 )i-OPSI+C2i-OPB2 4C34DPS3+C4i-DPS4+C5i-DP85.C6i-Dp86+C7 ’01—00169

+P87+C8i-DPS8) 1—00170
BP:XP-_ A R 3~ FIll 2)i- (G (8,2 )i-SP2—G ( 1 ,8 )i-CP2 )i-P82+FM( 3 )— C G ( 8,3 )i-5P3—G ( 2,1—00171

+8 )i-CP3 )i-P83+FM ( ‘4 ) i -C  G( 8,4 ).SP’4—G ( 3 ,8 )i-CP’4 )i-P8’$4FM ( 51— 16 (8 ,5 )i~SP5—G ( 1—001 72
+4,8 ).CP5 )i-P85+FM C S ) (G(8 ,6 )‘SPS—G ( 5 ,8 li-CPa )~ P86+FM( I li -C G( 8,7 ) i - S P T — I — 0 0 t  73
+6(6,8 )i-CPT )—P87+F fl( 8 ) i - (  6(8,8 )—S PB—G( 7,8 )i-CP8 )i-P88 1 1—001 7 4
IF C N M A X . L E .8) GO TO 11
IF (R.GT. CONA(8 )) GO TO 10
N:9 -

1— 00177
CP9= ( CP5+SP5 ) — (  C P 5— 5 P 5  1 1—00178
P91=CT .P81—CONST (9 ,1 ).P71 1— 00 )79
0P91=CT DPBI—S T P8I—CONST (9 ,1 )i-D PTI 1—00180
P92 CT i - P 82— CO N S T (9,2 )i-P72 1—00 1 81
DP92=CT DP82—ST i-P82— CONST ( 9,2 )i-DPT2 1—00 182
P93:CT .P83—CONST (9 ,3)*PT3 1—00183
0P93=CT-DP83—STi-P83— CONST (9,3)i-0P13 1— 0018 4
P9’4 CT P 8 4 — C O N S T C 9 ,4 )i-P74 1— 00185
DP94=CTi-DP84—ST i-P84—CONST (9,4)3DPT4 1—00186
P95 :CT*P85— CONSTC 9 ,5 )i-PT5 1—00 )87
0P 95:CT3DP85—ST .P85—CONST (9 ,5)i-DPT5 

. 
1—00188

P9 6=C T i - P 86— C ON ST(9 ,6 )i-P76 1— 0018 9
0P 96=CT *0P 8 6—ST .P 8 6—CONST (9 ,6 )i-OPT6 1— 0019 3
P9TzCT P8T—CON ST C 9 ,7 )i-PTT 1— 00 )91

- 
- 0 P 9 7 = C T i - 0 P 8 7 — S T . P 8 7 — C O N S T ( 9,? ) D P T T  1— 00192

P98:CT P88 1—00 )93
DP98=CTi-DP88—ST— P88 1— 0019 4
P 9 9= S T . P 8 8  1— 0 0 ) 9 5

.5 .5 ~~ .
-
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DP99~~FN C9).P98 - 1— 00 1 96
C2=G (9 ,2 )— C P2.G 1 ,9 i-SP2 

- 
1—00197

C3 G ( 9 , 3 ) 3 C P 3 + G ( 2 , 9 ) U S P 3  1 00198
C4~ G (9,4)*CP&s+G 3,9 Ii-sp 9
C5:G (9 ,5 ).CP5+G (4 ,9 )—SP5 1—00200
C6~ G (9,6)—CP 6+G 5 ,9 —sp 6 1—00201
C7~~G ( 9 , 7 ) 3 C P 7 . G 6 , 9 i -S p 7 1— 0 0 2 0 2
C8~~G (9 , 8)i-C P8.G (7,9).SP$ 1—00203
C9~~G C 9 ,9)’CP 9+G 8 ,9l .5Pq 1—0020 4
A R~~A O R *A R  1—00205
XR BR— FN( 9).ARi- (G (9,1 )*P91+C2.p92+C3.p93,C4.P94,C5.P95.C6.P96.C7*Pl—00206
497+C8i-P9$+C9 P99 ) 1—0020T
XT~~BT+A Ri- (G (9,1 )i-DP9),C2.DP92.C3.0P93.C~si-DP91f.C5.0P95.C6.DP96.C7.DI~.00208

+P9 7+C 8i -DP 9B+C 9 0P99) 1—00209
XP B P—AR ( EMI 2 1.1619 ,2 1 5P2—S ( 1 ,9 ) u C P2 )i-P92.F~

( 3)(G (9 ,3 ) i - S P 3 — G (  2 , 1—00210
+9 )i-C P3 )i-P93-’-FM( 4 ) i - (  G( 9,4 )i-SP4— GC 3,9 )i-CP9 ).P99+FM( S 1.16 (9 ,5 ) . S P 5 — G (  1—002 11
+‘4,9)—CP5 )i-P95+FM(6).(G (9,6 Ii-SPb—G (5 ,9)i-CP6 ).P96.FM(7 ).(G(9,7)’SPT— 1—00 212
+6 (6 ,9 )i-CP T )—P9 7+ F r ’M 8 Ii -( 6 ( 9 , 8 )*5P8— G ( 7,9 ).CP8 ) P 98 ,FMC 9 ) .f 6(9 • 9 )i-SPI—00 21 3
+9 — G ( 8 , 9 ) C P 9 ) — P 9 9 ) . 1—00214
I F (N M A X . LE ,9) GO TO 21
IF (R .G T . C ON A ( 9) )  GO TO 20
N:10
S P 1O : SP H i -CP 9+ CPH .SP9  l 0 02 1 7
CP O :C PH i -C P9—SPH SP9 1 00218
P 10 1 CT P 9 I —C O N S T (1 0 ,1 l .P81 1—0 02 19
OP !O!=CT DP9I—ST .P91—CONST (I0 ,I ).DPØI 1— 00220
P102 :CT P92— CO 4IST ( 10 ,2 ).P82 1— 0022 )
DP 1O2~~C T i -D P9 2—S T—P9 2— C ON5 T ( 10 ,2 )~~0P82 1— 00222
P I 0 3~~C T P 93—C0NST ( )0,3)i-P83 1—00223
OP1 O 3 CT 3OP 93— ST .P 93— CO~dST ( 10 ,3 ).0P83 1—00224
P 1O ’+ Z C T i - P 9 4 — C O N S T C I O ,4) i -P8 4 1 00225
DP1O4 :CT DP 9 4— ST *P9 4—CONS T ( 10 ,4 )i-DP84 ) 00226
P105:CT P95—CONST ( 10 ,5 ) P85 1 00227
D P105~~CT DP 95— ST P95— CON ST ( 10 ,5 ).0P85 1—00228
P1O6~~CTi-P96—C 0NST (10,6 ).P86 1—0022 9
DPIO6:CT .DP 9o— ST i -P 96— CONST ( 10 ,6 ).OPB6 1 00230
P10T :CT .P97—CON ST (10 ,T).P87 1—00231
DP1O 7~~CTi-DP91—ST P9T—C0NST (10 ,7)—0P8T 1—00232
P108: CT i-P98— CON ST ( 10 ,8 ).P88 1—00233 

—

D PIOS :C T .0P9 8—5T sP9 8—CDNS T ( 10 ,8 ).0P88 I 0023 4
P 1 0 9 = C i ’ P9 9  1 — 0 0 2 3 5
DP109=CT .0P99—ST*P99 1—00236
Pi0l0:STi-P99 1—00237

4 OPIO !O FPUIO).P109 1—00238
C2~ G (10 ,2) CP2+G (l ,1O)i-SP2 1—00239

‘4 C3~~G C I 0 , 3 ) i - C P 3 + G ( 2 , i 0 ) .S P 3  1— 0 0 2 4 0
Cq:G( 10 , 4 )‘ C P ’ f . G ( 3 , 10 )* 5 P4  1 0 0 2 9 1
C5:G C1 O ,,5 li-CPS.G (4,10 )S P5 1—00242
C6~~G C 1 O ,6)i - C P6 + G( 5 ,1 0 ) S P 6  1—002 43
C7:G C I O ,7) .CPT+G (6 ,10).SPT 1 002 44
C8 G( 10 ,8 )—CPB .G(7, I0)’SPB 1—002 45

— C 9 :G (10 ,9 )i -CP 9+G( 8 ,10 )i-5P9 1— 0024 6
C 1 O~~G( 10 ,I0 )i - CP 1 0+G(9 ,1 0 )i - SP 1 0 1—002 47
AP:A O Ri -AR 1—002 48
BR: X R—FN ( 10 Ii- A R (  G( 10 , 1 )— P I O l i -  C2 P 10 2 + C 3 i - P 10 3 + 04 ‘P10 ~~~C5 i-P 105+C 6 ‘P 1—002 4 9

.1O 6-’.C1— P1OT+C8 .PIOS .C9’PIC9.Cl0 .PIOIO ) 1—00250

-~ BT~~XT +A R— (G (10 ,1 )—DP101 .C2 .DP102 .C3 .DPtO3+C4’DPl0 4+C5 .DP105 .C6 .DP1l—O0251

— - - ~~~~~ -- —~~~~ .5 . - - .5 - - -  .
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.06.C7i-DP !07+CB DP)O8-i -C 9 DPIO9+C 10 .0P1010 ) 1—00252
B P : XP— A R i - f  FIll 2 )3 (6110 ,2 )‘SP2-G ( 1 ,10 )i-CP2 )*P1O2.FM ( 3 l i - C  6 ( 1 0 , 3 ) .S P 3 1 0 0 2 5 3

+G(2 ,10 )CP 3 ).P1 03 ,Ft l (4 ) (G C 1 O ,4).SP ,_ 6 C 3 ,l0 )*CP 4)*P1044FM C5 )* (G (101—00254
,,5 ).SP5_G (4,1O )i-CP5 )i-P105+FM (b ).(G (20 ,6).SP6— GC5 ,1fl i -CP6)*PIO6+FM (l—00255
. T ) — ( G ( 1 0 , 7 ) * 5 P 7 — G (  6,10 ).C°7 )i-P107+FIl ( 813 (6 (10 ,8 )i-SP8—G 7 , t 0 ) i - C P 8  )—l—00 25 6
+plo8 .Frl(q)4(G ()o ,9 ).sP9_ GCs ,1o).CP9 I i - P I O 9 + F M ( 1 O ) i - (G C I O,10 )i-S P 1O—6 (1— 002 57
+9 ,1 0 ) i - C P 1 O )— P 1 O 1 0 )  1—00258

I BP~~BP/ST 1— 00479
IF (NM4X.LE .10 I RETURN -

WRITE (6 ,2 ) N M A X  1—00 476
STOP 1— 00 477

- .5 C 1— 00 418

2 FOPMAT (57H0 ERROR , THIS SPHRC ONLY FOR N IlAX~~(lO , C A L L  W A S FOR NM A X

C MA KE A SMOOTH FIT BETWEEN TRUNC ATED TEAM S.
10 C O N : CR— C O N A (N ) )/ (C O N A (N — 1 )— C O N A C N )I
11 BR~~BR~~C X A — B R ) — C O N

BT~~BT+ ( X T — B T  li -CON
BP=C BP+ ( X P—B P li -CO N 1/ST
R E T U R N

20 C ON~~( R— C O NAC N) I/C CONA ( N— l l—CONA( N))
21 BR:XR+ C B R—X R li -CON

ST=X T+ (Br—X T)i-CON
BP~~( XP+ ( BP— XP 1— CON I/ST
R E T U R N
END 1—00 480
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SUBROUTINE A N GLE (T ILT ,S I N P H E ,COSPHE )
C
C TH IS  ROUTINE C A L C U L A T E S  THE ANGLE B E T W E E N  THE D I P O L E  A X I S  AND THE
C S U N — E A R T H  LINE A S WELL  AS T HE R O T A T I O N  S I N E S  ANO C O S I N E S  TO C O N V E R T
C FROM GEOMAGNETIC TO SO LA R MAGNET IC COORDINATES.
C INPUT P A R A M E T E R S  ARE V I A  COMM ON /BXY ZCM /
C D A Y Y R  15 THE D A Y  OF Y E A R  ( 1 — 3 6 6 . ) . IT MUST BE A W H O L E  NUMBER.
C DA Y 1 IS JANU ARY 1

4 C UT 15 THE UNIVER SAL TIME TN HOURS (0. — 24 . I
C OUTPUT PARA I’lERS A RE V I A  THE PARAMETER LIST IN THE ARGUMENTS
C TI LT 15 90—PSI . W HERE PSI IS THE ANGLE BETWEEN THE DIPOLE A X I S
C AND THE S O L A R  D I R E C T I O N .
C SIN PHE S1N( BETA)
C COSPHE C O S C  B E T A )  BE ’A IS THE R O T A T I O N  ANGLE FROM G E O M A G N E T I C
C TO S O L A R  T~A C ’ J E T I C  C O O R D I N A T E S

C 0 M M O N/ B X Y Z C M/ ~’EA R , D A Y V R ,UI ,XtI L G ,KO D E ,JS W ,I N IT L , XMLT
DATA 1FIRST /0/

C THE F I R S T  T I M E  THROUGH THE S U B R O U T I N E  SET UP F I X E D  C O N S T A N T S .
IF (IF IRST .N E .O ) 60 10 10
I F I R S T ~~l

• Pf2~~A TAN 2 (O. , — 1 . )/2.
C0N~ 90 .fPI2
SALF ~~5IN (j1 . 1/CON) 

-

‘1 CA LF~~COS ( l1 . T/CON )
SGArl~ SIN (23 .5 fCON )
C G A M~ CD5 (23.5 fCQN)
SA S G z S A L F i - S G A M
S#CG~ S4LF-CGAM
C AS G C A L F -5  6 All
CA C G : C A L F i - C G A P 1
W=P 12/6. i - (1 .-’1. /3 65.256)

C MAIN ENTRY SET UP SINES AN D COSINES
10 UT CUT—1 6.6+(DAYYR — l72 .)*24 . )W

CWT=—WT/365 .256
5SIlLT~~5 INC WT I
CS M LT~~COS( WI)
SBWT:S INC CWT I
CS WI COS ( C WT )

SIILSWT :SSMLTi-SBWT
SMLC WT~~SSflLT i-CBWT
CM LSWT~ CSMLT SBWT
C ML C UT CS MLT CS W I

C CO MPONENTS OF THE DI POLE AXI S  ARE IN E C C L I P T IC  COORDINATE S
2 X = C A S G i - C B W T + S A C G . C M L C W T — S A L F i - S I I L S W T
Z?=C A 5G *SBW T+ SA CG *CML 5W T 4SAL V ’~SM LCWT
Z Z~~CA CG—S A SG C5MLT
P S I ~~A CO5 (ZX )
O SP~~1 . 11 STN (PSI I)
TI LT CON (P I2—PS I )

C CO M 2flN ErJ TS OF GEOMAG N ETIC X AXIS IN E C CL IP T IC COORDIN ATE S
X X ~~C A C G 3 C M L C W T — S A S G 3 C B W T — C A L F 4 S f l L 5 W T
Xv~~CA CG i-C (lLSWT—SA S& .SBWT+CALF ”SMLCWT

U~~—C A S G i - C SM L T — SA C G
sl r Jp -4E:(X Y—Z Z—X Z4ZY> ’OSP
CO 5 P HE~~( X X i - ( Z Z i - Z Z + Z Y Z Y ) — Z X 4 ( X Y Z Y + X Z 3 Z / ) ) * O S P
R E T U R N
END
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SUBROUTINE INTERP (BB ,CC ,D,E,J)
C
C INTER POLATION ROUTINE
C GIVEN A SET OF THREE POINTS BB(3) AND CC (3), WITH CC THE INDEPENDENT
C V A R I A B L E S  X AND SB THF DEPENDENT V A R I A B L E  Y , INTERP FINDS THE SOLUTION
C TO T HE THREE LINEAR EQU AT ION EX PRESSING Y AS A SECOND ORDER
C P O L Y NO M I A L OF X .
C IF J LESS THAN ZERO , SET 0 TO THE MINIMUM VALUE OF THE DEPENDENT
C V A R I A B L E

4
- C IF J GREATER THAN ZERO SET 0 TO THE VALUE OF THE INDEPENDENT

C V A R I A B L E  SUCH THAT THE DEPIZNOENT V A R I A B L E  ‘( EQUALS E.
C SINCE THERE ARE TWO ROOTS TO THE EQUA T I O N  CHOOSE THE ONE
C CLOSEST TO C C C X ) , W H E R E  K~~3 IF J ) , K 2  IF J 4, K:) IF J 2 .
C

DIMENSION BB (3),CC (31
Y 1 = A L OG (B 8 (i ) )
Y2~~A L O G ( B B ( 2 l )
Y3~~AL OGCB B( 3 ))
X2 :CC (2 >— CC ( 1)
X3 CC ( 3 )—CC ( 1)
DD= ( X3—X 2 )‘X2’X3
A =C X 3 (  Y 1—Y 2 )+X2 ( Y3— Y 1 Il/DO
B= ( X 3 i - i - 2 i - (  Y 2 — Y 1  I — X 2 i - i - 2 i - (  Y 3 — Y 1  I l / D O
IF (J. LT.0)GO TO 100
C = V 1 — A L O G ( D )
0IS B i-2— ’4. i - A C
IF (O I S . L E .0. )STOP
OIS :S QA T ( 015 1
Sf

~~
( — 8 , D 1 S ) f ( 2 . - A ) + C C ( 1 )

55 :(—8— DIS )/C2 . *A)+CC(1)
E=SA
k 3
IF (J . E Q. 4) ((=2
IF (J . E Q .2) K= 1
I F( ABS ( SB—CC ( K I). LI. ABS ( 5 A—CC ( K I I )E=SB
RETURN

100 X :—B /(2 . A)
E=EXP ( A .X ’i-2+Bi-X+Y1
RETURN -

END

t
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SUBROUTINE MAXFI X (B M AX ,SMIN )
C
C M A X F I X  M O D I F i E S  B 4IAX SUCH THAT THE C O M P U T E D  I SETTER FIT S THE
C DRIFT SHELLS OF ISOTROPIC P A R T I C L E  D I S T R I B U T I O N S .
C

COMMON /BXYZC M /YEAR ,D A Y Y R ,U T ,X MLG ,X O O E , JS W ,IIN I TL .U1LT
C IF J5U LESS THAN OR EQUAL TO ZERO , A V ER A GE L SHELLS ARE NOT WA N TED.

IF (JS W.L E .0)RETURN
C I F  BMAX IS GREATER THAN 3i-BMI N NO M O D I F I C A T I O N  IS R E Q U I R E D , DRIFT

C SHELLS ARE ALREADY CLOSE TO AVERAGE AND NO FURTHER CHANGE WILL OCCUR .
IF (B MAX .GT.3. i-BM IN ) RETURN

C CALCULATE PRELIMINARY VALUE OF L —— IF I LESS THAN 3, AVE R A G E

C SHELL DOES NOT CHANGE.
EL~~(O. 3 11 653 /BM IN ) i - (1 ./3. I
IF (EL .LT .3 .  ) RETURN
CON= 1 .3 4 :.

1F (EL.LT . 5 . I CON=1. +0 .15i-CEI-3. )
BIIAX=AM IN1 (3. BMIN ,CO N i - BMA X I
R E T U R N
END

1
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SUB RO UTINE CAR IIEL (8,X I ,VL ) CA R ML000
C CO MP UTE L CARP ~LO01— - I F ( X I — 1 . O E — 3 6 ) 1 4 ,14 ,15 C A R M L O A 2

1’4 V L ~~( 0 . 3 1 I b 5 3 / 8 ) i - ( 1 . / 3 . l C A R t 1L O B 2

R ETURN CA R r I L O C ?
15 XX 3. O* A L O G (X I )

X X ~~X X + A L 0 G (  B / 0 . 3 1 1 6 5 3 )
1F f XX+ 22. 11 , 1 ,8 C~~RML00 3

8 IF ( XX + 3 .  12 ,2,9 CARM L~~Q~
9 1Ff X X — 3  . 13 , 3 ,10 C A PrIL OO5

10 IF C X X — 1 1 . 7 )’4,4,1l C A RM LOO6
it  I F ( X X — 2 3 . )5 ,5 ,6 CAR ML OOI

I GG= .33333 8- i -XX ..30 0621O2 CA RM L O OB
GO T O 7 CAR MLO09 .

2 GG~ ((((((((— 8 .153 773 5 E—l 4 i - X X -~-8 . 32 3 2 5 3 1 E— I 3 )i- X X÷1 .O0 6 6 3 62E —9 ) ’X X 4 CA R N L O1O
1 8 . 1 O 4 8 6 6 3 E - 8 ) i - X X + 3 . 2 9 1 6 3 5 4 E - 6 ) i - X X + 8 . 2 7 1 1 0 9 6 E - 5 ) i - X X + 1 . 3 T 1 ’ 4 6 6 7 E - 3 ) -  C A R P 1 L O I I
2XX + .O I 5O 1 7 2 ~~5).X X+ .43’432642) i-XX -.- 6233769l CA R 41LOI2

GO TO T CA R M L O I 3
3 GG~~( (((((((2. 6O47~~2 3 E — 1 O i - X X +2 - 3 0 2 8 T 6 7 E — 9  )i - XX— 2. 1997983E—8 )— XX— CAR r i LO I’ .
15. 3 97 7 642E—7 )i -XX—3.3 4O88 22E—6 ) .X~~-.-3 . 8379 9l7E— 5 ) X X- ~- 1 . l T 8’423’4E—3 )’ CAR ?1L015
2 Xx + I . ’~~924¾I E— 2 Y”XX .. ’i335278 8 )i -X x + .6228644 CA PM LO I6

GO TO 7 CAR IIL 01T
4 GG~~C C. ( ( ( 1  ( 6 . 3 2 7 1 6 6 5 E — 1 O - X X — 3 . 9 5 8 3 0 6 E—8 ) i - X X + 9 . 9 T 6 6 1’ + 8 E — O 7  ) ‘XX — CA R( 1 L018
1 1 . 2 5 3 1 9 3 2 E— 5 ) i - XX + 7 .9’~5 1 3 1 3 E — 5 ) - ~X X — 3 . Z O 7 7 O 3 2 E — ’4)i- X X + 2 . l6 8 O 3 9 8 E— 3 ) . - CA R M L O 1 9
2XX ’- I .281 795 6E— 2 )’X X- ~- .4351O52 9 )i - XX + .6222355 CARM LO? O
GO TO 7 CAR rI LO 2 1

5 GG ’ ( ((I (2 82 12O95 E—B i -X X—3 .8O ’49 2T 6E—6 )i-XX ÷ 2 I7O22~~E—4 ).X x— b . 7 3 I0 33 9CA prn L 022
1E— 3 Y~XX + .12O3 822 4 )3XX— .18’4617 96I i -XX+ 2. 0OO Tl 8 1 CARII LO23

GO TO 7 CA R r I LO2 4
6 GG=X~~— 3.O4 6O 68I CA AM LO2 5
7 VL (( (l . O - i . E X P  (GG))’~O. 3 1 1 653)fB)’~i- (1. / 3. ) CARM LO 2 6

C END Cn IiPUTE L CARM L 027
R E T U R r ~ C A R r 1 L O 2 8
END CA A IILO29
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Section 6 .0

- I APPE U D I X B - COORDflIATE T RAi1SFOR~AT IOUS NW RELATED
NIALYT J C IJERIVAT IO fIS

The magnetospheric magnetic field model described in Section 2 is represented

in solar-magnetic coordinates. To use the model it is frequently necessary to

express the components of the vector field in geographic or geomagnetic coor—

dinates. Transformations between these coordinate systems are described below .

~ormal1y such transformations are time consuming and non analytic because of the

earth’ s elliptical orbit around the sun. Here however the approximation of a

circular orbit is made. This permi ts the transformations to be analytic and to

require a minimum of computer time . The transformations are used in subroutines

AUGLE and BMU EXT described in Appendix A. -

6.1 Coordinate Transformations

Define a as the angle between the rotation and geomagnet ic dipole axes , y as the

angle between the rotation axis and the perpendicular to the ecliptic plane . Two

angular velocities are also defined , s~ as the velocity of the earth around the

sun and w as the earth ’s angular velocity about its rotation axis. Also the time ,

t, is measured from magnetic noon at sun~ier solstice when the rotation and dipole

axes and the sun—earth line are coplanar.

It is desired to add the external field (qi.ven in solar magnetic coordinates)

vector lally to the internal field represented in geographic or qeomagnetic

coordinates. To do so the following three coordinate systems are defined .
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S I ,  I - I

-‘ (1) the X V Z - ecliptic coord inates wi th X always to~’iard the sun , Z

perpendicular to the ecliptic plane. - -

(2) the XG , YG , ZG coordinates - with ZG coincident with the geographic

rotation axis. Time is measured such tha t at t 0 to the YG axis is

in the ecliptic XZ plane as is ZG. The angl e ‘y between ZG and Z is

23.5°.

(3) the XM , Yti, Zt-1 coord inates - with ZN coincident with the geomagnetic

dipole axis. The angle a between ZN and ZG is 11.7°. At ~ = 0, XM
and VII are in the XG , ZG plane.

— 
Note that Y ,YG , and YM are not usually coplanar.

The external field is given in 4 variables, the pos ition X,Y,Z, and the “tilt ’

angle , p, between the X ’ (ecliptic axis - toward the sun) and the solar

magnetic V axis - defi ned below.

Solar magnetic coordinates are defined in terms of t~e magnetic dipole axis and

the sun earth line ( the X axis in solar ecl i ptic coord i nates). The axis

is in the plane formed by the X and ZN (
~~~ 

Z
sti
) axes. The Y~~ ~ixis then forms

the orthogonal set.

Inputs to the transformations must include the positi on in geographic coordinates

-~ 
- 

where ~ Is to be found , the universal time of day , t, and the day of the year, 1.

In order to agree with these coordinate definitions t and T must be “corrected” -

~~
, ‘

~ 

to magnetic moon summer solstice . T and t as discu ssc-d here are “corrected” - i.e.,

rT~asured from magnetic moon at sumer solstice.
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Normally these transformations take much computer time and involve the equation

of time which is not in closed form. However , great computational effort

is avoided if it is assumed simply that the earth is in circular orbit around

the sun. Then all transformations are analytic and require littl e computer time.

Gi ven X ,Y,Z in geographic coordinates , and t and T (T is an integer variable) ,

the position must be transformed to soiar magnetic coordinates and the tilt

angle found. 2

X r sin 0 cos ~

where 0,~ are geographic latitude and east longitude (measured from Greenwich).

The transformation then proceeds as follows.

Rotate to the dipole longitude.

I,

X A = X c o s~ 3 - Y s i n B

Y A = V c o s B+ X s i n B
- 

Y
Z A Z  I’

\ N

~~ Rotate to the dipole axis about VA axis.

X B = X A cos a- ZA sln cz

YB~~ YA

ZB = LA cos a+ XA sin

‘ I

________________ —ii
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XB , YB , ZB then give the position in geo metric coordinates and the
P geomagnetic longitude of the point is

tan
’1
(~~.).

A fi nal rotation about the magnetic axis is needed to transform to solar

-
~~ I magnetic coordinates. To do this the tilt angle , p, must be computed. This is

-

- best done by expressing M, the unit vector along the magnetic dipole axis , in

ecliptic coordinates

Lsing the coordinates defined above.

- a ’
y

7 ’ ,~ ~~~~O

\ - \

/

~ to sun ~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~
- - ----

~ K/~7/ ~~~~~~~~~~~ 
\

5
-

- 

~~~~~~~~~~~

_ _
5 y

~
• 

- ‘ - V I

In terms of unit vectors (their direction indicated by sub~cri~t), here the

• geomagnetic coGrdinates are to be expressed in terms of ec1i~~tic coordinates. Thus

- 
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• 
‘1YM = 

~ZG 
COS wt - 

~~ 
sin w t

ZM * COS a + 1XG COS W t sin a + 
~YG 

sin w t sin a

A A A A

rXM = 1X~~
cos w t c o s a + J yG sin w t c o s a kZG l a

A 5  A l  A 5

Then, in ecliptic coordinates (1, 3, k )
A A l  A 5  Al

= - k sin y + I cos c~t cos y+ i s1n~ ltcos y

= j cos~ ? t - I S i f l S~ t

kz6 
= k cos~~ + i  sinycos~~~t+~~ sin y si nQ t

Then, the angle, , between the earth sun line and the dipole axis (the complement

of the tilt angle, ii) is given by

cos ~ I which by inspection Is:

cos~~~= cOs ct s i U Y COS fl t

+ cos t~ t 51n cz cOs~~~t cos y

— sin w t  sin ci sin

Thus c = cos~ (cos a sin y cos Q t

+ sin a (cos w t cos n t cos ‘~‘ - sin w t sin ri t))

and finally ~i 
= - c.

It remains to find the rotation angle cS between the magnetic prime meridian at

A 
A A

the equator, 
~~~ 

and the solar magnetic X axis From ~ and and I

construct the 3SM (solar magnetic axis). 
(M~~ 115M)

IL -



r~ ~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —

~~~~~

A S X I
SM — s1n~~ 

or

/ A ~ 
A ,  A l

/ 1  i k

= M~ fly

0 0

(
~ ~~

‘ 
- M~ i~s)

The angle, ~, between 
~SM and the axis (in geomagnetic coordinates is given

by

‘~SM ~YM = M~ GMy My GMz COS •

where
= COS a sin y sin ~ t + cos w t sin a sin c~ t cosy+ sin wt sin a cos ~t

M
~~~

cos a c o S y _ C 0 S w t S t f l a Slfl Y

GMy cOs w t  cos~~~t - sln w t s l n f l t c o S y

GMz Slfl w tS l fl Y

To determine • (the angle between the solar-magnetic X axis and the geomagnetic
X axis) over the ful l range of angles (0 to 2ir radius) it Is necessary on the

computer to use the tan~ function In place of the cos~ function described above.

:1



P. A

Thus 1GM (described above as 1XM~ 
must be projected onto the solar magnetic

1SM and 
~SM axis. Then,

1GM = 1 SM ( c 0 5 w t C O 5 a C05
~~~

t C0S
~~~

_ S 1 f l w t C 0 5 a S Th
~~~

t

- sin a sin y cos ç~ t) +

~SM (cos ~ t cos ~ sin c~ t cos y + sin w t  COS a Cos fl t

— sin a sin y sin ~ t) +

kSM (- cos o~ t cos a sin y -  sin a cosy)

Then 
~GM 

1SM = ~~~ w t cos a cos £~ t cos y

- sin w t cos a sin ~ t • sin a Sin y COS t~ t

1GM ~SM 
* ~~ w t COS a sin ~ t cos y

+ sin w t cos a cos ~2 t - sin a sin y sin ~ t

The angle $ is then given by

• • tan 1

H 1GM~~~ SM

The transformation between geomagnetic and solar magnetic coordinates Is then

simply a rotation through the angle • (as determined above).
Z 8 E2 s ~~/-1

XSM ’XB cos *-YB sln~~
YSM • YB cos • + XB sin •

H ZSM~~~ZB

- ----
~~~~~~~~~~~ --- - _ _ _ _



Given the magnetic field in solar magnetic coordinates,

‘ 1 B = BX 1SM + BYi SM + BZkSM

(1) rotate back through the angl e ~ to geomagnetic coordinates.

1 B2 ’2~~~~~~~~Z
• 1

BZM = BZ

BXM = BX cos~~
+ BY sin

BYM = BY cos ~ - BX sin $

a~~i
(These components can be added to an internal magnetic field expressed 1n.~~ ~~~~~~~~

geomagnetic coordinates .)

(2) Rotate the magnetic into the dipo le axis about BY. ~~

GX BXM cos a + B2fl sin u

GY * BYM N
GZ • BZM c o s a - B X t l sin a

8X/’7~~ ~~~

(3) Rotate the longi tude back to Greenwich about GZ

! ~~, : , 42~~~~Z
BX • GX cos B +GY 5In B

~ :: : :; cos B - GX sin B

~~~ 4 ____ 
-
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These components can then be added to a main field representation given In

C geographic coordi nates.

Ilote that the derivation of the analytic fo rm of the tilt angl e, ii, and of

the rotation angl e between solar magneti c and geomagnetic coord inates, 4,, has

also been given In the above transformations.

6.2 Time Derivation of the Tilt Angle

Since the induced electric field, E1, resulting from the dai ly variation In the

tilt angle, ii, Is given in terms of the magnetic vector potential ,~~, (E~ = —

It Is necessary to compute the time variation In u. This Is because A is given as

a funct ion of ~j and not t. Thus

E1 
= — (.

~~~) 
(.
~~) . Then since

• - • , — cos~ (ZX) where

ZX = cos a sin y cos~~~t + cos w ts ln a cos Q tcos y

— sin w t sln.a sin ~1 t.

It follows that

• - . Then , since generally

d (cos 1 (Y)) — - ~~~~~~~ ,



________________________ •~~~~~

3 (ZX)
or = — ~t —~~-— . Finall y

11 - (ZX)2

~ (ZX) - ~cos a sin y sin ~ t

i _ w s l n ~~ t s1na co5~~~t COS Y

—~~~ cos w t s i n a S l f l f l t C O S  y

- w  cos w t  sln a sIn~ 2 t

H - c ~ sin w t sinucos cl t

which can be used to find analytically.
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